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KINETIC MODELING OF LIPID ACCUMULATION IN Candida cur~ata R 
Introduction 
B. Douglas Brown and Kenneth H. Hsu 
Department of Food Technology 
Iowa State University 
Ames, Iowa 50011 
Oleaginous yeasts are capable of accumulating intracellular lipid as 40-70% 
of their dry weight. Accumulation of this lipid is encouraged by aeration (Nilsson 
et al., 1943) and by limiting nutrients such as nitrogen and phosphorus (Enebo et 
al., 1946). Dual nutrient 1 imitation of nitrogen and phosphorus improved lipid 
yields over limiting nitrogen alone or limiting nitrogen and magnesium (Gill et 
al., 1977). Manipulation of the carbon to nitrogen ratio also effects the lipid 
yield (Hammond et al., 1981). An excellent review is available (Ratledge, 1978). 
In our lab, several strains of Candida curvata have been isolated which are 
capable of fermenting lactose in cheese whey permeate to lipid (Moon et al., 1978). 
The production of lipid was observed to occur in three stages. In the first stage, 
growth in cell population was observed. In the second stage, nonlipid cellular 
growth ceased and lipid accumulation was apparently limited by available lactose. 
In the third stage, delayed whey protein utilization resulted in increases in non-
1 ipid cellular mass. This occurred along with further conversion of lactose to 
lipid. We propose a model to describe the first two stages of this phenomena of 
intracellular lipid accumulation. 
Model Development 
Cellular dry mass, W, was subdivided into nonlipid dry mass, S, and lipid mass, 
F. 
dW 
dt 
dS 
-+ 
dt 
dF 
dt ( 1 ) 
The specific growth rate of S, p, was limited by nitrogen and described by the Monod 
equation. 
dS 
-= pS = 
dt (2) 
Nitrogen was consumed solely for S production. 
dN dS 
-= 
dt y 1 dt (3) 
2 
Cell growth during this period was assumed balanced. The rates of lactose, L, 
consumption and F production were proportional to the production rate of S (Table 1). 
Switching from balanced growth to lipid accumulation was proposed to be controlled by 
a power function of ~he relative specific growth rate of S, ~- More specifically, 
the function (1 - ~) was used. As N became depleted, ¢would diminish, and terms 
containing the function (i.e., lipid accumulation terms) will become increasingly 
significant. Sensitivity of the change from growth to lipid accumulation to changes 
in~ was controlled by the parameter, m. 
We proposed three models to describe the dependence of the rate of lipid accumu-
lation on lactose (Table 1). The first mechanism stated that only one enzymatic step 
leading from lactose to lipid was rate limiting (Model 1). The second mechanism 
described this single rate limiting step by nth order chemical kinetics (Model 2). 
The third mechanism proposed that two rate limiting enzymatic steps existed, resulting 
in the accumulation of an intermediate, I. The first enzymatic step was involved in 
the above proposed switching mechanism (Model 3). 
This third mechanism was suggested by a biochemical mechanism for lipid accumu-
lation in oleaginous yeast (Botham and Ratledge, 1979; Boulton and Ratledge, 1981). 
It was proposed that when N was limiting, the activity of the NAD+ dependent isocitrat 
dehydrogenase was curtailed through its absolute dependence on cAMP. As a result, 
citrate would be shunted to the cytosol where ATP:citrate lyase would apparently 
control the rate of lipid formation. 
Methods 
The three models were tested using data of batch growth of Candida curvata R 
on Swiss cheese whey permeate (Moon et al., 1978). Graphical interpolation of the 
experimental points was used to generate sufficient data for the testing of the models 
Data from the first 10 hours were not used due to the phenomena of lag. After 50 
hours, modeling was not attempted due to a significaht consumption of previously 
unavailable Nand synthesis of S. The delayed consumption of N was attributed to 
slow extracellular proteolysis of small proteins and peptides in whey permeate. For 
model fitting purposes N was set equal to zero after 30 hours. 
The kinetic models, as a set of initial value, ordinary differential equations 
were integrated numerically. The parameters were determin~rl by employing the Simplex 
search procedure (Fan et al., 1969; Carpenter and Sweeney, 1965), through minimizing 
the residual sum of squares for N, L, F and W. The models were compared for best 
fit based on the ratios of the mean squares which has an F statistic distribution. 
Results and Discussion 
Table II summarized the parameter values obtained as a result of fitting the 
proposed models to the experimental data. The values of growth constants, and 
yield factors for models 1 and 3 were reasonable and reflected the fermentation 
kinetics. Model 3 gave a significantly better fit of the data than either model 
1 or 2 (Table II 1}. This indicated that the lipid accumulation mechanism could 
be better described using 2 rate limiting enzymatic steps. This observation is 
in agreement with the biochemical mechanism proposed by Boulton and Ratledge (1981). 
Model 3 is graphically compared with the experimental data in figures l, 2, and 3. 
In figure 1, the model does not duplicate well the sigmoidal-shape curve of W. 
The sigmoidal shape seems to be due mostly to a fluctuation in the value of S 
between 30 to 45 hours. 
The observed increase in the S fraction late in the fermentation is not 
common to all oleaginous yeast. Kessel (1968) observed a fairly constant non-
lipid mass during the late stages of fermentation. Almazan et al. (1981) 
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also observed in the second stage of a continuous fermentation, a constant 
percentage protein in the nonlipid cellular mass for the whole range of dilution 
rates. However, Choi et al. (1982) observed in a single stage continuous fer-
mentation, a decrease in the percentage protein in the nonlipid cellular mass 
at very low dilution rates. Further experimentation will be necessary to verify 
which pehnomena is occurring in Candida curvata. 
Comparisons of Models 1 and 2 with the experimental F and F/W data are 
given in figures 4 and 5. It is apparent that these models did not fit the experi-
mental data as well as Model 3. 
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TABLE I 
Kinetic Models for Batch Growth of 
Candida curvata R on Whey Permeate 
Model No. Kinetic Model 
dl -1 dS (1-<P)m k2SL 
-=--- <P = p/k1 
dt y2 dt y3 KL + L 
dF dS (1-<P)m k2SL 
-= A-+ 
dt dt KL + L 
2 dl -1 dS (1-<P)m k Sln 2 
-= --- <P = p/k1 
dt Y2dt y3 
dF dS 
-= A-+ (1-<P)m k Sln 
dt dt 2 
3 dl -1 dS (1-<P)m k2SL 
-=--- <P = p/k1 
dt y2 dt y KL + L 3 
dl k2SL k3SI 
-- (1-<P)m 
dt KL + L ( K I + I) y 4 
dF ds k3SI 
-= A-+ 
dt dt Kl + I 
Parameter 
Value 
k1 
KN 
y1 
y2 
A 
k2 
KL 
n 
y3 
k3 
Kl 
\=0.3/Y3 
m 
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TABLE I I 
Comparison of Parameters for Kinetic Models 
Model Number 
2 3 
0. 1942 0.1200 0.1944 
0.1319 0.1704 0. 1247 
38.25 42.98 38.56 
0.6401 0.3317 0.6892 
0.1166 0.5325 0.1567 
0.1420 7.060X10-7 0.1517 
66.24 59.11 
4.702 
0.3019 0.3252 0.3518 
2.476X10- 2 
8.530X10-4 
0.8528 
10.56 28.75 9.624 
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TABLE Ill 
Results of Least Square Fit of Kinetic Models 
Model No. Number of Parameters RSS dfa MS F 
9 13.09 23 0.5691 2. 086~'< 
2 9 28.52 23 1.2400 4. 545~'< 
3 11 5.73 21 0.2729 ------
a degrees of freedom = # data pts. - # of parameters 
:':p < o. 05 
Fig. 1. 
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KINETICS OF BIOFOULING IN SIMULATED WATER DISTRIBUTION 
SYSTEMS USING CSTR 
Introduction 
by 
Temkar M. Prakash 
Department of Civil Engineering 
University of Missouri 
Columbia, MO 65211 
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The significance of the problems associated with chemical and biotic 
degradation of water quality is exemplified by the urgency with which 
U.S. EPA issued the secondary maximum contaminant levels (SMCL). A 
detailect literature review presented by Lee (1) indicates that the 
water q~ality changes in most distribution systems may be associated 
with microbial growthsw.ithin systems. However, it should be emphasized 
that how much of this problems can be attributed to the microorganisms 
is still debatable. 
Even though drinking water is characterized by extremely low nutrient 
concentrations, increased number of bacteria is observed in some dis-
tribution systems (2). In certain cases, the increases correlate 
roughly with detention time and with decline in chlorine residual. In 
waters containing low concentration of organic matter, the microorgan-
isms migrate to the interfaces where interfacial trapping and/or prefer-
ential growth takes place. Hence, the apparent deficiency in organic 
carbon in potable water is probably redressed by the continuous flow 
velocity at the surface of the pipe (2). As the microorganisms grow on 
the surface, many of the cells are sloughed off into the medium and are 
thus measured in the viable· counting procedure. The increased biolog-
ical growth on pipe surface in a distribution system may lead to loss 
of chlorine residual which is usually related to oxygen depletion due 
to microbial respiration. In certain areas limitation of oxygen may 
lead to growth of certain anaerobic bacteria which may produce odor-
causing compounds such as sulfides. The iron mains and the subsequent 
precipitaion of the corrosion products may yield 11 red water,. and in-
creased number of bacteria in the bulk of the water. 
Purpose and Scope of Research 
The objectives of this investigation were to establish the kinetics 
of growth of heterotrophic microorganisms as found in water distribution 
systems and subsequently develop a rational index to measure water qual-
ity degradation by attached microbes. A single continuous stirred tank 
reactor system was used to simulate the attached heterotrophic microbial 
growth in distribution systems under low shear conditions and develop 
kinetics of the attached microbes under low substrate levels. Addition-
ally, batch culture experiments were conducted to study the characeter-
.i~~jfs 9f the !Jlicro_bial growth. 
--------------------~-
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Experimental Procedure 
In all experiments, biofilm growth on glass slides suspended in 
single CSTR's was measured. Sterile concentrated substrate was pumped 
into the reactor and was diluted to a desired concentration by pumping 
tap (dilution) water into the reactor at a predetermined rate. The 
tap water was untreated and the microorganisms present in the water 
served as the microbial inoculum. The feed water was provided with 
carbon (glucose), nitrogen (ammonium chloride) and phosphorous 
(potassium phosphate) in the ratio of 25:4:1, respectively. All other 
nutrients required for the microbial growth were as present in suffic-
ient amounts in the dilution water. Experiments were designed to 
determine the effect of substrate concentrations and detention time on 
growth of biofilms. 
Biofilm thickness, attached biomass, ~TP level in attached biomass, 
polysaccharides in biofilm, change in TOC, and change in dissolved 
oxygen were measured as quantitatfve estimates of biofouling. The bio-
film thickness was determined using a microscope (Olympus-model BH) 
provided with a graduated micrometer. Biomass on glass slides was 
determined by drying the slides at 10ooc. Cold sulfuric acid (0.6 N) 
was used to extract the ATP from the biofilm. ATP concentration in the 
extracts was assayed by the luciferin-luciferase assay. Total poly-
saccharide content of the biofilm was determined using phenol-sulfuric 
acid colorimetric technique. The TOC concentrations in influent and 
effluent samples from the CSTR were determined using Beckman Model 915 
TOC analyzer. 
Batch culture tests were conducted by inoculating tap water supple-
mented with carbon (glucose), nitrogen (ammonium chloride), and 
phosphorus (potassium phosphate) in the ratio of 25:4:1, respectively. 
The inoculum was prepared by spread plating tap water sample on standard 
plate count media and harvesting the resulting colonies in phosphate 
buffer. The flasks contai.ning ini"tial concentration·s of 800, 400, 200 
and 80 mg/1 as carbon were incubated at 250C in a shaker. The micro-
bial growth was measured as Absorbance at 540nm using a spectrometer. 
At the end of the experiment the biomass and final glucose concentration 
was measured. 
Results and Discussion 
Kinetics of Biofilm Growth 
Experiments were conducted to determine the kin3tics of bioSilm 
growth at various substrate loading rates, 1.2xlo- to 3.6xlo- mg TOC 
per hour per sq. em. Experimental substrate consumption rates observed 
at different substrate loading rates were calculated at dynamic equili-
brium.Consumption rates, as shown in Figure 1, is linearly related to 
substrate loading rate. Assuming t~at substrate removal depends on 
viable cell mass, it follows that equilibrium biologic growth or steady 
state biofilm thickness is also linearly related with equilibrium con-
sumption rate. This relationship is clearly demonstrated in Figure 2. 
Results from other biofilm research studies (3) indicate that substrate 
consumption rate increases with increasing biofilm thickness up to some 
critical thickness, after which removal rate is constant. The biofilm 
thickness obtained when substrate consumption rate becomes constant is 
termed 11 active 11 thickness and corresponds to the depth of substrate 
penetration tnto the biofilm. As seen in Figure 2, the substrate 
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consumption rate did not attain steady state for the entire range of 
biofilm thickness studied. Hence, it can be postulated that under the 
tested substrate loading rates, the entire biofilm remained active, 
and there was no diffusion limitation. 
The rate of biomass production was estimated by measuring specific 
film growth rate as described by Lat·1otta (4). The rate of biofilm 
growth, as measured by biofilm thickness under different substrate 
loading conditions is shown in Figure 3. In all experiments the bio-
film development is observed to follow a typical exponential pattern. 
The calculated values of the specific growth rate, reported in Table 1, 
did not show significant variation for the range of substrate loading 
conditions tested. 
Batch Culture Kinetics 
Microbial growth characteristics observed in batch culture tests are 
shown in Figure 4. Pigmenta~on was observed in all systems after 25 to 
30 hours of inocubation. The pigment, greenish yellow, is due to a 
commonly found microorganism in tap water. Biphasic growth was observed 
for 800 and 400 mg/l C levels. This was probably due to growth factors 
that came in with inoculum which gave high initial growth rate and :he 
exhaustion of these resulted in a second lag phase. An alternate 
mechanism appears to be activated during the lag phase which leads to 
second growth phase. For 200 and 80 mg/1 C concentrations slow but 
continuous growth was observed probably because the alternate mechanism 
became operational before the intial supply was exhausted. From the 
experimental data an average yield of 0.425 mg biomass per mg of glucose 
consumed was calculated. Apparently, the carbon source (glucose} was 
the only limiting substrate. 
Diffusion of Substrate into Biofilm 
To a large extent, diffusivity of nutrients into biofilm controls 
the characteristics of attached growth systems. Using a porous catalys-
model (5}, the effective diffusivities was calculated for the various 
substrate loading conditions. The observed values of effective diffu-
sivities, shown in Table 1, are in the same range as reported in the 
literature (5,6). The corresponding maximum depth of penetration of 
substrate are also presented in Table 1. Comparing the measured steady 
state biofilm thickness, it is observed that the substrate penetrated 
the entire film. Apparently, the entire biofilm was active. 
Oxygen Consumption in Biofilms 
Depletion of oxygen in water distribution systems has been considered 
as one of the symptoms of water quality degradation (2). Also, a sig-
nificant portion of the dissolved oxygen (DO) depletion is attributed 
to microbial respiration. An estimation of oxygen consumption in bio-
films, described by two coefficients, oxygen demand for oxidation of 
substrate and specific rate of oxygen consumption for maintanence met-
abolism, was calculated by equilibrium material balance as shown in 
Figure 5. Under the experimental conditions, the biofilm consumed 0.52 
mg of oxygen per g cell per hour for maintanance metabolism, and 
demanded about 0.73 g of oxygen per g of substrate consumed (as TOC) 
for oxidation and synthesis. 
Biofoul ing Activity t·1easurement 
Several techniques have been proposed in the literature for 
monitoring biofouling. Techniques for monitoring bioflim development 
in water distribution systems include, among others, measurement of 
frictional resistance in a pipe, biofilm mass, biofilm thickness 
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. ' prote1n concentration, polysaccharide concentration etc. However, the 
above mentioned techniques do not measure the activity of viable 
microbes which cause biofouling. It is well known that the physio-
logical state and metabolic role of microorganisms are dependent on 
several factors, such as nutrient content of the water, and environment-
al conditions such as pH, temperature, and hydrodynamic forces. 
In a biofilm, ATP concentration may give an accurate estimate of 
active biomass. Polysaccharide concentration can also be used as a 
measure of biofilm activity. However, biomass measurements do not 
differentiate between the active and dead cells in the biofilm. Based 
on the proposed study, an index based on the substrate consumption rate 
and biofilm activity is being prepared. 
Biofilm Activity Index = Substrate Consumption Rate 
Biofilm Activity 
In the present study the substrate consumpt"on rate was calculated from 
glucose consumption by the biofilm. The biofilm activity was deter-
mined by measuring ATP and polysaccharide concentration of the attached 
biomass. 
Measured ATP and polysaccharide concentrations of the biofilm under 
various substrate loading conditions is compared with biofilm density 
in Table 2. Activity indices based on the ATP, polysaccharide concen-
trations, and mass of the biofilm are presented in Table 3. It is 
noticed that the index calculated using biomass increases with sub-
strate loading rate, whereas the ATP polysaccharide indices decreased 
for the highest loading rate (3.6xlo-3 mg/cm2-h) compared to that for 
a rate of 3.0xlo-3 mg/cm2-h. This may be due to the decrease in activ-
ity of biomass. However, more data are needed to substantiate the use 
of such an activity index. Nevertheless, use of ATP for the determin-
ation and quantitation of physiological and metabolic state of micro-
organisms present in the biofilm appears promising. 
Significance of Study 
The onset of water quality of problems in a distribution system is 
usually brought to light by consumer complaints. However, there is no 
sound basis either to identify the nature of the problem or to confirm 
the effectiveness of remedial methods. The ~esults obtained so far in 
the pr~sent research uniquely show that biofouling can occur under 
extremely low nutrient conditions that prevai1 in actual water distri-
bution systems. The CSTR system used in this research can be easily 
adopted to monitor bacterial activity in the problem area of the distri-
bution system. The monitoring system installed and operated with the 
drinking water in the problem area, and utilzing the methods developed 
in this research can effectively be used for collecting information on 
chemical changes broght forth by bacteriological growth. Laboratory 
experiments are now being conducted to correlate the chemical changes 
caused by biofouling the ATP index in monitoring systems using cast 
iron and copper slides. The,effect of disinfectants on biofouling 
activity are also being studied. 
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Inflent Biofilm 
Substrate Growth 
Cone. Rate 
mg TOC/1 hr-1 
5.0 0.010 
7.5 0.030 
10.0 0.017 
12.5 0.013 
15.0 0.010 
1.0-200.0* 
224.0** 
* LaMotta (5) 
TABLE 1 
BIOFOULING CHARACTERISTICS 
Effective Depth of 
Diffusivity Substrate 
106 cm3 fluid Penetra-cm/fi 1m/sec tion )lm 
1. 01 28.66 
2.30 46.70 
0.96 40.29 
2.12 64.85 
2.25 77.46 
1. 25 - 4. 31 10.2-65.1 
2.93 66.60 
Observed 
Biofilm 
Tickness 
l.lm 
34.72 
44.40 
49.60 
76.88 
79.36 
**Kornegay and Andrews (6) 
TABLE 2 
COMPARISON OF ATP, POLYSACCHARIDE AND MASS DENSITY IN BIOFILM 
Substrate 
Loading 
Rate 
mgLhr-cm2 
1. 2x1o- 3 
1. 8x1o- 3 
2.4xlo- 3 
3.0x1o- 3 
3.6x1o- 3 
Substrate 
Loading 
Rate 
mg/hr-cm2 
1. 2x10- 3 
1. 8xlo- 3 
2.4xlo- 3 
3.0xl0-3 
3.6x1o- 3 
Biofilm 
Density 
mg/cm3 
ATP 
Concentration 
mg/ cm3 
Polysaccharide 
Concentration 
mg/cm3 
2.30 
6.31 
7.05 
6.63 
6.93 
73.65 
so-. 73 
35.77 
42.21 
TABLE 3 
COMPARISON OF VARIOUS ACTIVITY INDICES 
ATP Activity 
Index 
mg TOC 
hr-ng ATP 
-4 3.30xl0 
3.65xlo-4 
5.38xlo-4 
5.07xlo-4 
Polysaccharide 
Index 
mg TOC 
hr-mg Po lysac. 
-4 0.60xl0 
-4 4.32xl0 
-4 4.14xl0 
-4 4.73xl0 
-4 3.57x10 
0.10 
0.40 
0.45 
0.32 
0.21 
Biomass 
Index 
mg TOC 
hr-mg Biomass 
-4 0.48x10 
-4 3.00x10 
3.22xl0-4 
-4 7.54xl0 
-4 9.34x10 
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r;AS/SOLVENT INTERRELATIONSHIPS 
in the 
AOETONE- BUTANOL FERMENTATION 
Michael G. Doremus 
Colorado State University 
INTRODUCTION 
The fermentation by ~lostridium acetobutylicum was once the major producer 
of acetone and butanol in the u.s. The fermentation may show a comeback in 
the future if high petroleum prices make it economically competitive with the 
synthetic processes that caused its demise. To realize this goal all market-
able fermentation products must be realized. Methanol, for example, may be 
catalytically produced from the copious amount of 002 and H2 gasses produced 
by the fermentation. The fermentor off-gasses may therefore become an important 
factor in its economic competitiveness. 
It is also necessary to understand the relaLionshlp between ~s and solvent 
production. The agitation rate and head-space pressure in a fermentor affect 
the concentration of dissolved gases in the broth. This in turn affects the 
production of butanol. An understanding of this relationship would be very 
important in an industrial fermentation even if the off-gases were not to be 
utilized. 
BACKGROUND 
Figure 1 presents a currently accepted metabolic pathway for ~ acetobutylicum. 
The oxidative decarboxylation of pyruvate to acetyl-GoA appears to provide the 
link between dissolved hydrogen and butanol production. The enzyme involved in 
this oxidation is an interesting ferredoxin-linked dehydrogenase. Only the 
ferredoxin containing dehydrogenases are capable of disposing of electrons by 
forming H2 gas. As shown in figure 2, the oxidized ferredoxin can be regenerated 
+ either by forming H2 gas or by simply passing its carried electron to NAD • These 
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electron transfer reactions are reversible which leaves the organism with these 
two options as to how it will dispose of the electrons released during the 
oxidative decarboxylation step. + If NAD is reduced by the oxidized ferredoxin, 
+ some other ultimate release of the electrons must be found so that the NAD can 
be regenerated. It is very possible that butyric acid can be reduced to butanol 
+ to regenerate the NAD • Therefore, if the hydrogen forming pathway can be 
inhibited the bacteria may be forced to produce more butanol. 
A few recent reports support this hypothesis. Researchers at Massey 
University in New Zealand de.monstrated the importance of maintaining a positive 
head-space pressure in acetone butanol fermentations to achieve satisfactory 
production rates and yields of solvents (2). A high partial pressure of H2 would 
inhibit the formation of more of the gas and would therefore :force the organism 
+ to the NAD route which results in higher butanol production. Similar types of 
results were seen at General Electric's Corporate Research and Development 
Labs. Working with Q.. thermocellum strains they found that the production ratio 
of ethanol to acetate was dramatically affected by the level of dissolved H2 in 
the broth ( 5). The same :ferredoxin-linked dehydrogenase is held responsible 
for this behavior. The GE researchers used stirring to control the level of 
dissolved gasses. They found that unstirred cultures had three times more 
dissolved H2 than stirred ones. Using Henry's Law (H2 solubility of 1.4 mg/1 
at 60~C) the amount of H2 trapped in the unstirred culture broth was calculated 
to be equivalent to that expected at a hydrogen partial pressure of 2.2 atm. 
This indicates that H2 transfer to the gas phase is rate limiting and that 
the broth can be supersaturated with H2 simply by not stirring it. 
MATERIALS AND METHODS 
450 ml fermentations of £• acetobutylicum (ATCC 824) were carried out 
anaerobically in 1 liter non-baffled flasks. Gas was collected and measured 
using a water displacement method. Shaker incubators were used for the stirred 
fennentations while the stationary runs were performed in a ...,ater bath. The 
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(l 
temperature was maintained at 37 C for all runs. One manual addition of base 
(1 M NaOH) was made when the pH dropped to around 4.0. Culture procedures, 
media composition (5% glucose) and analytical methods are all standard in our 
labs ( 4). Gas samples ( 1 ml) were taken using a gas tight syringe and were analyzed 
using a Gow-Mac gas chromatograph equiped with a 12 ft. Chromosorb 106 column 
and a thermal conductivity detector. Argon was used as the carrier gas at a 
flow rate of 40 ml/min. 
RESULTS AND DICUSSION 
The 1mportance of utilizing the off-g.asses from the ace~one butanol ferm-
entation is underscored by the fact the 55 to 65% by weight of the glucose 
substrate was converted to gas. As shown in figure ), the volume of gas produced 
by the 450 ml fermentations was dependent on the agitation rate. The unstirred 
fermentations produced less gas than the agitated cultures. The explanation 
for this rests on the assumption that the broth of the unagitated fermentations 
becomes supersaturated with H2• This should inhibit further production of H2 
and shuttle electrons from the oxidized pyruvate along to butyric acid, thereby 
producing more butanol. As shown in figure 4, the 0 RPM case does indeed show 
a greater production of butanol than the stirred cases. Unfortunately, the smooth 
transition from 0 to 250 RPM observed for gas production is not noted for 
butanol production. 
Based on the stoichiometry of the organism's metabolism, one would expect 
two moles each of H2 and co2 per mole of glucose oxidized plus one mole of 
co2 for each mole of acetone formed (see figure 1). Since the number of moles 
of acetone formed is small relative to the number of moles of glucose exidized, 
the overall composition of the gas would be expected to be close to 50% H2/50% 
co2• The actual overall gas compositions were usually closer to 40% H2/ 60% co2 
for all agitation rates, however. Also, as seen in figure 5, the instantaneous 
gas composition was not constant but changed from initially rich in H2 to a final 
--------------------------------~-----~--
22 
composition rich in co2• This behavior was noted regardless of agitation, The 
solubility of the gases in the broth could be a factor in this behavior, but the 
fact that the g~dual change takes approximately 13 hours to accomplish makes 
it more likely that the composition of the gas actually formed by the bacteria 
is changing. An explanation of the bump in the gas composition curve is not 
currently available. althoug~ it always occurs just after the acid production 
phase of the organi$M is over. 
CONCLUSION 
This paper examined the off-gas production of the acetone butanol fermen-
tation and how the dissolved gases affect solvent formation. ~· acetobutylicum 
produces a cop~ous amount of gas; by weight over one half of the glucose substrate 
is fermented to co2 and H2 • The instantaneous gas composition was found to 
va~ during the course of the fermentation. The initially high concentration of 
hydrogen in the gas gradually decreases until a steady 4Q% H2/ 6~fo co2 composition 
is reached. Dis~ol ved hydrogen may indirectly cause more more butyric acid to 
be reduced to butanol. Varying concentrations of dissolved hydrogen were 
affected by using different agitation rates. Fermentations with no agitation 
produced higher concentrations of butanol and less gas than those agitated at 
150 and 2.50 RPM. 
Michael G, Doremus 
Golorado State University 
July, 1982 
----------------~ ~---~- --~ 
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Figure 1. Metabolic pathway for Clostridium acetobutylicum, 
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LARGE-SCALE PRODUCTION OF METHANE FROM AGRICULTURAL RESIDUES 
0. P. Doyle 
ABSTRACT 
G. C. Magruder 
E. C. Clausen 
J. L. Gaddy, Department of Chemical Engineering 
University of Arkansas 
Fayetteville, Arkansas 72701 
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The residue from the production of grain in the United States totals about 300 
million tons annually. If utilized as an energy resource, this residue could 
supply up to four percent of the nation's fuel requirements. Methane can be 
produced by anaerobic digestion of these residues. Laboratory experiments in-
dicate that 65 percent conversion of corn stover can be achieved with a retention 
time of 40 days. A process for the industrial scale production of natural gas 
from corn stover has been designed. This paper reviews the technology of this 
process which includes gas purification, dehydration and compression. The eco-
nomics of this process are presented and related to the cost of the residue. 
Methods to enhance reaction kinetics and process economics such as cell recycle 
and culture enhancement are also discussed. The effects of these enhancement 
techniques on process economics are discussed. 
INTRODUCTION 
Natural gas presently supplies about 20 percent of the energy used in the United 
States. Natural gas, or methane, also serves as a raw material in the production 
of may valuable chemical products. Methane may be produced by the anaerobic 
digestion of lignocellulosic materials, such as agricultural residues. As much 
as 4 percent of the energy needs for the United States could be supplied from the 
estimated 300 million tons of agricultural residues produced annually in the United 
States (Anderson, 1972 and Clausen et al, 1977). 
Anaerobic digestion is an old process, used extensively for treating domestic 
sewage prior to 1930. The process has been shown to occur in a series of steps. 
First, hydrolysis of the solid organic matter is carried out by extracellular 
enzymes to form soluble organic compounds. Secondly, hydrogen, carbon dioxide, 
formate and acetate are produced from the soluble organics by acid-producing 
microorganisms. Thirdly, methane is produced from hydrogen and carbon dioxide, 
formate,acetate, and methanol. This series of steps usually occurs within a 
single reaction vessel, although several researchers have investigated stagewise 
fermentations (Clausen and Gaddy, 1978). 
The purpose of this paper is to present a process for the conversion of corn stover 
into methane by anaerobic digestion. Kinetic data are presented for this reaction 
and design methods for industrial processes are developed. The economics of a 
process to produce 50 million cubic feet of methane per day are presented and 
discussed. 
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Methods to enhance reaction kinetics and process economics such as cell recycle 
and culture enhancement are also discussed. Laboratory data on cell recycle 
and culture enhancement are presented, along with the effects on the economics 
of the 50 million cubic feet per day facility. 
KINETIC CONSIDERATIONS 
The kinetic behavior of simple fermentation reactions has been traditionally de-
scribed using the Monod equation: 
Kl CM CA 
-r = (1) 
A K2 + CA 
where 
-rA reaction rate: 
~ organism concentration; 
CA = substrate concentration; and, 
K1 , K2 = constants 
Many ·modificatio:rsof this equation have been suggested to accommodate complex 
reactions or substrates. 
In anaerobic digestion reactions utilizing a solid slurry as the feed material, 
the accurate measurement of ~· the organism concentration, is very difficult or 
impossible. Therefore, most researchers (Pfeffer, 1979, Clausen and Gaddy, 1978) 
have used a first-order rate expression to describe overall anaerobic digestion 
kinetics. This expression, shown in Equation (2), is independent of organism 
concentration and is first order in substrate carbon concentration: 
-r = K C A A (2) 
where K = reaction rate constant 
Equation (2) has been found to describe the kinetics of continuous cultures 
employing constant feed concentrations and variable retention times. For con-
tinuous well-mixed reactors, the reaction rate is defined as: 
(3) 
where CAO initial 
CA substrate concentration in the vessel; and 
e retention time 
Equations (2) and (3) can be used to design industrial reaction vessels as a 
function of the desired conversion. 
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EXPERIMENTAL METHODS 
The data and kinetics for the semi-continuous digestion of corn stover, an abundant 
agricultural residue, were obtained in constant volume stirred-tank fermentors 
maintained at 35°C. Corn stover was first milled to zo·mesh, and fed as a 10 
percent slurry in water to an anaerobic digestor once per day. Retention times 
were varied between 20 and 100 days. A carbon balance was obtained by monitoring 
the quantity and composition of the product gas. Gas quantities were measured 
using liquid displacement meters and gas composition was measured using gas-solid 
chromatography. 
The fermentors were inoculated with animal waste and sewage sludge from a primary 
anaerobic digestor. The reaction pH was monitored daily and controlled at 6.8-7.2 
by the addition of lime. After reactor start-up, regular addition of lime was not 
necessary to maintain this pH range. The carbon/nitrogen ratio of the stover is 
40:1, and no additional nitrogen or other nutrients were added to the reactors 
after inoculation. 
RESULTS 
The steady-state results of the laboratory digestion of corn stover is shown in 
Table 1. As noted, the carbon conversion increased from 39 to 71 percent when 
varying the retention time from 20 to 100 days. Reaction rate, as calculated 
in Equation (3), varied from 0.026 gmoles C/L-day to 0.079 gmoles C/L-day. 
TABLE 1 Kinetics of Laboratory Corn Stover Digestion 
~etention Reaction Rate Conversion Time Gas Production c. c (gmoles/L-day) (Percent) 
roeys) (Liters/Day) 1n out 
20 6.366 2.904 1.769 0.0568 39.1 
20 8.815 3.630 2.059 0.0786 43.3 
30 6.635 3.630 1.710 0.0642 52.9 
40 6.052 3.630 1.472 0.0540 59.5 
40 5.944 3.630 1.418 0.0553 60.9 
100 2.889 3.630 1.054 0.0258 71.0 
Figure 1 shows a plot of conversion as a function of reciprocal retention time. 
The maximum conversion at infinite retention time (the intercept on the ordinate) 
is extrapolated to be 78 percent. ~rder kinetic plot of reaction rate as 
a function of substrate carbon concentration, shown in Figure 2, varifies Equation 
(2) and shows a first-order rate constant of 0.045 days-1 • 
It is interesting to note in Figure 2 that the line does not pass through the 
or1g1n. Corn stover is a lignocellulosic material containing about 20 percent 
lignin and ash, which cannot be solubilized to sugars and subsequently converted 
to methane. Based upon this observation, the reaction rate should approach zero 
when the carbon concentration is around 20 percent of the feed concentration, 
which is seen to be the case in Figure 2. 
---------------------------------·--·-------
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PROCESS DESIGN AND ECONOMIC CONSIDERATIONS 
Utilizing the kinetic model presented in Equation (2) and a first-order rate 
constant of 0.045 days-1, a preliminary process design and economic analysis may 
be made. Figure 3 shows a flow diagram of an industrial process to produce 
methane from agricultural residues. The material is first ground and mixed 
with water to form a slurry that is 10 percent solids by weight. Storage 
facilities are provided for a one day supply of solid residue. The slurry is 
fed to digesters operated in series and maintained at 35°C. 
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After reacting, the undigested solids and nutrients are available to be returned 
to the soil as an amendment. The product gas from the reactors, containing 50-55 
percent methane with the balance carbon dioxide, is compressed to 15 psig. Fol-
lowing compression, the carbon dioxide is removed by scrubbing with diethanol 
amine. The remaining methane is finally dried in a glycol absorber to produce 
pipeline quality methane. 
Exhaust gases from the compressor are used as a source of heat to maintain the 
reaction temperature and to operate the absorber and stripper. The energy balance 
of the process shows that only 7.5 percent of the methane product is consumed for 
compression and heat. 
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Table 2 presents the estimated capital and operating costs for the process pre-
sented in Figure 3 to produce 50 million SCF of methane per day. This quantity 
of methane would supply the energy needs of a city of one million population. 
The agricultural residues needed to sustain this production could be collected 
from an area 50 miles square. The reactors were designed to give a conversion 
of 80 percent using four reactors in series. As is shown in Table 2, a total 
capital investment of $86 million is required, with almost $51 million for the 
reaction vessels. Since these are preliminary economics, a contingency of 20 
percent has been included. 
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TABLE 2 Capital Cost and Economics of Methane 
Production from Corn Stover 
Equipment 
Reactors 
Compressors 
Absorber and stripper 
Heat exchangers 
Pumps and piping 
Contingency (20%) 
Total 
Revenue (18250MCF/yr. at $4/MCF) 
Capital s~st 
$ X 10 
so. 6 
5.0 
s.o 
2.3 
9.0 
14.4 
----$86.3 
73.0/yr. 
TABLE 2 continued 
Cost Item 
Raw material ($20/ton) 
Utilities 
Labor and supervision 
Maintenance (5%) 
Depreciation (10%) 
Taxes and Insurance (2%) 
Break-even price ($/MCF~6 Gross Profit ($/yr x 1g ) 
Net Profit ($/yr x 10- ) 
Cash Flow 
Return on Investment 
Total 
Operating costs 
$/yr x 10-6 
40.6 
3.5 
1.5 
4.3 
8.6 
1.7 
60.2 
3.30 
12.8 
6.4 
15.0 
17.4% 
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The revenue for the methane at $4/MCF comes to $73 million per year. Corn stover, 
the agricultural residue in this study, has been valued at $20 per ton. Total 
operating costs including raw material, labor, maintenance, utilities, depreciation, 
taxes and insurance is $60.2 million. The breakeven cost for the methane is $3.30 
per MCF, and the return on investment at $4/MCF is 17.4 percent. 
PARAMETERS AFFECTING METHANE PRODUCTION IN CONTINUOUS CULTURE 
Examination of the preliminary cost estimates shown in Table 2 shows that the 
reaction system constitutes almost 60 percent of the total capital costs. 
Consequently, the process economics are strongly dependent upon the kinetics of 
the reactions involved. 
Various methods have been proposed to enhance the kinetics of the overall methane 
reaction. These methods include studying the reaction temperature, pH, agitation 
rate and other physical parameters, to culture enhancement through cell recycle or 
the addition of cellulolytic or acid-producing organisms, to separation of the 
steps of the anaerobic digestion process. Two of these methods, cell recycle 
and culture enhancement, will be discussed in the following paragraphs. 
Cellular Recycle 
One potential methods of increasing the overall methane yield is to employ cell 
recycle. By substituting recycled liquid containing cells from the reactor 
effluent as a portion of the feed liquid, a greater portion of the feed material 
is then available to be used for methane production instead of cell growth. 
This leads to greater methane yields from agricultural residues and, thus, de-
creased capital and operating costs for a given amount of methane produced. 
As previously shown in Equation (3), the rate of substrate conversion can be 
determined from the inlet and outlet substrate concentrations and the retention 
time: 
(3) 
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For a recycle reactor, the recycle and feed streams are mixed to yield the sub-
strate carbon concentrations into the reactor, CA~: 
(4) 
where w = recycle rate; and 
CAR recycle substrate concentration 
Equations (3) and (4) can be combined to give the performance equation for a 
mixed reactor with recycle: 
(5) 
-r = 
A 
1 + w 
In this study, only cells (i.e., no substrate) are returned to the reactor· 
Thus CAR= 0 and Equation (5) becomes: 
C AO _ C A ( 1 + w) 
-rA = 8 (6) 
Equation (6) shows that the reaction rate with recycle would be less than the 
rate without recycle. This condition occurs because of the dilution effects. 
In a biological reaction, the objective of recycle would usually be to return 
microorganisms, and thereby, increase the reaction rate. This increase would 
have to overcome the dilution effects of Equation (6). 
The recycle reactor has other advantages in addition to a possible increase in 
the reaction rate. With a large cell concentration, the process should be more 
stable. Sudden shifts in the organic loading should be less disturbing to a 
higher microorganism population. Problems with toxic substances should be re-
duced because of the dilution effects. In general, the recycle reactor is less 
susceptible to failure from changing environmental conditions. 
The results of a cellular recycle study involving hay as the substrate are shown 
in Table 3. As shown, the conversion is increased to levels up to 34 percent 
over the studies without recycle as the retention time was increased to 30 days. 
At low retention times, the conversion levels with and without recycle were 
about equal. 
Table 3 
Conversion Ratios With and Without Recycle for the Anaerobic Digestion of Hay 
Retention 
Time, days 
10 
15 
20 
25 
30 
Conversion with Recycle 
Conversion without Recycle 
1.0 
0.93 
1.07 
1. 27 
1. 34 
------------------ ---~-- -- --~ 
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Using the first-order kinetic model previously developed, an increase in the rate 
constant of 11 percent was observed in the studies involving recycle when com-
pared to the studies without recycle. For the 50 million cubic feet per day 
methane facility, this means a 10 percent reduction in reactor volume, which, 
in turn, reduces the capital cost by about 5 percent. 
Enhancement of Kinetics by the Addition of Organisms 
As previously mentioned, the anaerobic digestion process occurs in three major 
steps: solubilization of the raw material, acid production, and methane and 
carbon dioxide production. Since a sewage sludge incolum is used in most anaerobic 
digestion studies, the resulting cultures are deficient in cellulolytic activity. 
Cellulolytic organisms may be added to existing cultures to help aid in the break-
down of the lignocellulosic material. 
Many organisms were tested in batch culture to see if methane production was 
enhanced by their addition. Two organisms, Clostridium butyricum and Clostridium 
acetobutylicum showed an increase in gas production of about 50 percent over 
the standard culture in 50 days, and a 20 percent increase in 80 days. 
Because of the favorable batch studies, one organism was chosen for continuous study. 
Digesters with standard cultures that had been operating at a performance 
level typical of a 78 percent ultimate corn stover destruction were inoculated 
with nutrient medium containing Clostridium butyricum. Several reactors were 
operated at different retention times over a period of several months. Figure 
4 shows the conversion plotted as a function of the reciprocal of the retention 
time for the cultures enhanced with Clos!ridium butyricum. The ultimate conversion 
of the corn stover at infinite retention time is seen to be about 83 percent, or 
5 percent greater than the maximum conversion with standard cultures. 
Figure 5 shows the reaction rate versus the carbon concentration for the enhanced 
culture. The first order rate constant, taken from the slope of this lin~ is 
0.053 days-1 which respesents a 19 percent increase in the overall reaction rate. 
It should be noted that the use of enhanced cultures results in a 15.7 percent 
reduction is reactor volume, which, in turn, reduces the total capital cost by 
about 11 percent. The ROI is also increased by 11 percent through kinetic en-
hancement. 
CONCLUSIONS 
Industrial methane generation is seen to be profitable at present energy prices 
and at a residue cost of $20/ton. A 17.4% return on investment is available for 
a facility producing SOM cubic feet of methane per day. Methane enhancement 
techniques such as cell recycle and C'ellulolytic organism additions show promise 
in further increasing this return to levels of up to 28 percent. 
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INTRODUCTION 
THE OPTIMAL PROCESS DESIGN FOR ENZYMATIC 
HYDROLYSIS OF WHEAT STRAW 
M. M. Gharpuray and L. T. Fan 
Department of Chemical Engineering 
Kansas State University 
Manhattan, Kansas 66506 
The depleting fossil fuel resources have initiated research for 
developing replenishable energy resources. Wheat straw with its vast 
availability and low cost represents such a resource. One possible 
way of utilizing the lignocellulosic biomass is its enzymatic hydro-
lysis. Unfortunately, the biodegradation of native lignocellulosiss 
is slow. This necessitates a need for pretreatment of biomass prior 
to its hydrolysis. In our earlier workl, we evaluated several diff-
erent methods of pretreatment. Treatment with caustic soda appeared 
to be the most promising pretreatment. 
In this work, an attempt has been made to design optimally a 
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wheat straw hydrolysis plant. Caustic soda treatment has been con-
sidered as the pretreatment and special attention has been paid to chem-
ical recovery. 
PROCESS DESCRIPTION 
The process flow diagram can be subdivided into two subsections; 
the hydrolysis section where wheat straw is converted to final product 
sugar and the aaustic recovery section where pretreatment chemicals 
are recovered (See Fig. 1). 
The milled wheat straw is first charged into the pretreatment 
vessels in which it is contacted with the caustic., formin? e 
slurry of organic and inorganic material This slurry is transferred 
to countercurrent washers. Here, the treated wheat straw is washed 
free of the caustic solution, and then it is sent to the counter-
current enzyme recovery unit. The waste black liquor emerging from the 
wash vessels is pumped to the caustic recovery section. The recovery 
process is similar to that used in kraft pulping process2,3. The 
wheat straw emerging from enzyme recovery is conveyed to the hydrolysis 
~~tors. The sugar solution from the reactors is filtered to remove 
unreacted wheat straw. The remaining solution contains glucose as 
well as a large part of enzyme employed in the process. The enzyme 
is recovered in the countercurrent recovery unit where it is contacted 
with treated wheat straw. The sugar solution is then sent to multiple 
effect evaporators for concentration. 
DESIGN BASIS 
The major design parameters are listed in Table 1. The sugar 
production rate is 500 tons per day. This rate is capable of supplying 
the substrate to a plant producing 25 million gallons of ethanol every 
year. The kinetic equations used for reactor design are listed in 
Table 4. The expressions employed for plant cost estimation are listed 
in Tables 2 and 3. 
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OPTIMIZATION 
The goal of optimization is to find the values of process para-
meters, namely, amount of caustic soda used for pretreatment, initial 
substrate concentration, initial enzyme concentration, and batch time, 
so as to minimize the production cost of sugar. The computation for 
optimization has been carried out by an exhaustive search varying 
parametrically the values of these parameters. At each stage of search, 
the complete process, including both the subsections, has been simulated 
by a Continuous System Modeling Program (CSMP). 
RESULTS AND DISCUSSION 
The effect of substrate concentration on the production cost of 
sugar or simply cost is represented in Fig. 2. It can be seen that the 
cost of sugar decreases with an increase in the substrate concen-
tration. Hence, a substrate concentration of 80 g/~ is selected. 
This represents the maximum allowable substrate concentration so as 
to maintain uniform slurry suspensionS,?. Figure 3 represents the in-
fluence of initial enzyme concentration on the cost of sugar. Again, 
it can be seen that the cost of sugar decreases with an increase in 
the enzyme concentration; therefore, an enzyme concentration of 1 g/~ 
is selected. It is known that beyond this concentration, the ·hydrolysis 
rate increases only slightly. This has been interpreted as being due 
to the surface area limitation for adsorption of cellulase5,7. 
Figure 4 shows the effect of caustic soda empl~yed per unit weight 
of wheat straw on the cost of sugar. Notice that it drops drastically 
with increasing amount of caustic soda up to about 0.05 g/g wheat 
straw; it starts to increase beyond this. The plausible causes for 
this are: 
1. The increase in the amount of caustic used increases the 
digestibility only up to about 0.05-0.lg caustic soda/g wheat 
straw, after which digestibility remains unchanged8. 
2. Only 50% of the lignin needs to be removed to achieve the 
maximum possible hydrolysis ratel. 
Figure 5 illustrates the influence of batch time on the cost of 
sugar. Note that it decreases sharply with increasing batch times up 
to approximately 8 hours and then gradually increases. The hydrolysis 
of cellu!ose occurs very rapidly during first 6-8 hours, after which it 
gradually decreases. This decrease in the hydrolysis rate is attributa-
ble to two factors. The first is the structural transformation of cell-
ulose to a less digestible form and the second is the inhibitary effect 
of the products, mainly giliucose and cellobiose, to the catalytic action 
of enzyme. The cost of sugar starts to increase steadily after 8 hours 
because incremental sugar production beyond this period is exceedingly 
small, whereas the operational cost continues to add up. The contri-
bution of each cost item to the production cost is summarized in 
Table 5. The cost of raw materials is 23% of the total cost. The 
utilities cost is 26% of the sugar cost. This may be due to the high 
power requirement for maintaining uniform slurry suspension, which is 
essential for maintaining a high rate of hydrolysis. The cost of pre-
treatment represents almost 30% of the sugar cost. This high cost is 
due to the cost for caustic soda recovery. This is essential, firstly 
because of high consumption of caustic soda, and secondly because of 
waste disposal problems due to the alkalinity of waste black liquor. 
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CONCLUSIONS 
The wheat straw hydrolysis plant using caustic soda for pretreatment 
has been optimally designed based on specified design equations and 
design conditions. The values of optimal process parameters obtained are: 
1. Initial substrate concentration 
Initial enzyme concentration = 
80 g/t 
1 g/t 2. 
3. 
4. 
Amount of caustic soda used = 
Batch time = 
0.05g/g wheat straw 
8 hours 
A process to recover the caustic soda used in the pretreatment 
process has been designed. The cost of reducing sugars obtained is 27 ¢/lb 
sugar. This cost matches fairly well with the current market price (1982) 
of 28 ¢/lb. for glucose. 
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Table 1. Design Basis for Reactor Design. 
Sugar Production Rate* 
Slurry Concentration (Wheat Straw) 
Enzyme Concentration 
Final Outlet Sugar Concentration 
Enzyme Recovery 
*Can supply 25 million gallons ethanol/year plant 
500 t/day 
10-80 g/t 
0.2-1 g/t 
100 g/9.. 
60% 
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Table 2. Basis for Cost Estimation. 
Item Cost Remark 
Wheat Straw 27 $/ton 
Enzyme 2665 $/ton 
Equipment 10% annual linear depr. 
Utilities 
A:) heating 3 $/mmBTU 
-
B) electrical power 15 c;:/kwh 
Evaporation 1.4 $/m3 Evaporation used for 
evaporated concentration of product 
Labor $9/reactor/hr 
Table 3. Cost Estimation for Plant Equipment 4 . 
Item Unit Cost, $ Size Unit Max Size 
1--------------------!--------------·-·-··-+------·---l-------1 
Mixing Tanks 
(including 
insulation) 
Agitators 
pumps 
Heat 
exchanger 
482.69 (size)0.514 
2810 (size)0.208 
526.2 (2.64 + 0.0068 
( 1 ) 0.718) s ze 
gallons 52840 
horsepower 400 
l'Sl x GPM 
sq. feet 
------------------ ~- ~- ~~-
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b 4 f 5,6 Ta le • Kinetic Equations or Enzymatic Hydrolysis of Wheat Straw . 
Eso = 
vs.so.Eo 
(Ks+so) 
E = 
Eso·s 
-
s so 
DP K •E • ( SSA)l.062 (100-Cri)O.l69 0 s . (Lignin)0.268 (1- P/))2 -= DT 
0. 67 AA 
A 0.07 + 0.01 + \_ 
s = s6 - o. 9 P 
Where 
so = initial substrate cone., g/£ 
s = substrate cone. at any time t, g/£ 
Eo = initial enzyme cone., g/£ 
SSA specific surface area of substrate, m2/g 
Crl crystallinity index of substrate 
Lignin = lignin content of substrate, % 
p = product concentration at any time t, g/t 
A = digestible fraction of substrate cone., g/9. 
E initial absorbed enzyme 
so 
Es = absorbed enzyme at any time t 
AA = amount of caustic used for pretreatment of wheat 
straw, g/g wheat straw 
= constants 
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Table 5 
SUGAR PRODUCTION COST FOR BATCH REACTOR OPERATION 
ITE!:1 ¢/lb PERCENT 
Raw Material Cost 6.28 23.35 
Equipment Cost 4.29 15.95 
Utilities Cost 7.10 26.40 
Evaporation Cost 1. 39 5.17 
Labor Cost 0.83 3.09 
Pretreatment Cost 7.99 29.71 
Heat Credit 
-0.99 -3.68 
TOTAL 26.89 100.00 
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EXTRACTIVE ACETONE-BUTANOL FERMENTATION 
Michael Sierks 
Department of Agricultural and Chemical Engineering 
Colorado State University 
Ft. Collins, Co. 80523 
INTRODUCTION 
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With the present high cost of petrochemical feedstocks, fermentation pro-
ducts are receiving more attention as alternate feedstocks. The organism used 
in this study was Clostridium acetobutylicum. The Clostridium will ferment a 
variety of substrates primarily to acetone and butanol. Butanol is the most 
important product because it may be used as a fuel extender. The acetone-
butanol fermentation is not currently economically feasible due in part to the 
very low product concentrations that are obtained. Higher product concentra-
tions are prevented by product inhibition. Butanol is the primary toxic pro-
duct in the fermentation, stopping growth at a concentration around 11 g/1 
(1). 
One way to alleviate the product inhibition is to use an extractive fermen-
tation to remove the toxic products as they are formed. This paper will 
report on the extractive fermentation using n-butyl-n-butyrate as the extrac-
tant. This ester was studied because it can be formed readily from two of the 
fermentation products, butanol and butyric acid. 
MATERIALS AND METHODS 
Organism and Culture Conditions 
Clostridium acetobutylicum was obtained from the American Type Culture Col-
lection (ATCC 824). The microorganism was routinely transferred in screw cap 
tubes under anaerobic conditions. The tubes each contained S ml of 
thioglycollate 13Sc medium (Difco Laboratories, Detroit, Michigan) and S ml of 
soluble medium. The soluble medium contained (g/1): glucose, 50; KH2Po4 , 
0.15; K2HPo4 , 0.75; MgS04 .H20, 0.01; FeS04 .7H20, 0.01; NaCl, 1.00; cysteine, 
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0.50; yeast e~traot, 5.00; asparagine, 2.00; (NH4>2so4 , 2.00, All tubes were 
heat shocked for 30 seconds in boiling water after inoculation. The tubes 
were th~n incubated for 20 hours at 36 C to produce cells in late logarithimic 
growth pha•e· These cells were used as inoculum for control and extractive 
fermentations. 
fer•tDtat ions 
Feraentations with shakins were performed in 500 ml sealed shake flasks in 
a temperature controlled sha~er at 36 C. Fermentations without shaking were 
perfQrmed in 300 111 aha,k.e flask11 in a temperature controlled anaerobic chamber 
at 36 C. Extractive fermentationa utilized the sa11e procedure with an addi-
tional ~5 111 of ester per 100 111 of broth carefully added on top of the broth. 
Distributioa Studiet 
Djstrib~tion studiel! were performed in an anaerobic chamber at 36 C without 
mixing. Aqueous phases with a measured amount of solvent were contacted with 
ester phase for 3 days before sampling. Butyric acid distribution studies 
were performed with shaking at 26 and 40 c. Butanol studies were performed 
without 11ixing as described, and with mixing at 20, 26 and 40 C. 
qalytical 
The solvents from the fermentations were analysed on a Varian model 2400 
sas chromatograph equipped with a 6 ft x 1/8 in stainless steel teflon lined 
column packed with chromosorb W-AW coated with 1~ AT-1000. 
The slucose concentrations were measured by the DNSA (dinitrosalicylic 
acid) method (2) using glucose as a standard. 
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RESULTS AND DISCUSSION 
Butanol distribution showed some temperature and concentration dependence 
with higher temperatures and concentrations favoring distribution to the ester 
phase. Butanol distribution reached equilibrium within 2.5 hours, even 
without mixing. At the fermentation conditions determined later, 36 C without 
mixing and 8 g/1 butanol in the aqueous phase, the distribution coefficient of 
butanol in the ester phase to aqueous phase was 3.5. The distribution curve 
at 36 C is given in Figure 1. The distribution coefficients for the other 
solvents at the same conditions were; Acetone-0.76, Ethanol-1.20, Acetic 
acid-0.04, and Butyric acid-2.15. 
Control fermentations with shaking performed as expected. Extractive fer-
mentations with shaking did not grow. No glucose was utilized and no solvents 
were produced. The mixing caused the ester phase to become entrained in the 
aqueous phase. The cells collected on the surface of the ester bubbles, which 
has also been noticed in other two phase liquid fermentations (3). 
Fermentations were performed without shaking to prevent phase entrainment 
of the ester. Both control and extractive fermentations without shaking 
required pH control. Without pH control the pH dropped below 4.2 and the fer-
mentation stopped. With pH control the fermentation continued. The control 
fermentation utilized 43 g/1 of sugar and produced 8.9 g/1 of butanol with a 
solvent yield (grams solvents/grams glucose used) of 27~. The growth curve 
for the control fermentation is given in Figure 2. The extractive fermenta-
tion utilized 45 g/1 of sugar and produced 16.2 g/1 of butanol with a total 
solvent yield of 5~. The growth curve for the extractive fermentation is 
given in Figure 3. The extractive fermentation solvent concentrations are 
given as grams of solvent produced divided by the volume of aqueous phase. 
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The theoretical solvent yield is only 3~ (4). The excess solvent yield 
from the extractive fermentation was discovered to be caused by enzymatic 
hydrolysis of the ester to form butanol and butyric acid. The butyric acid is 
further reduced to butanol. An inhibitor for this esterase activity has not 
been found yet. Phenylmethylsulfonylflouride was tested, but it did not inhi-
bit esterase activity. 
CONCLUSIONS 
N-butyl-n-butyrate had good distribution properties for butanol extraction. 
The ester is toxic to cell growth when the ester phase in entrained in the 
aqueous phase. Without entrainment the ester works well as an extractant dur-
ing the fermentation. However, the extractive fermentation produced higher 
than theoretical solvent yields. The excess solvents were due to enzymatic 
hydrolysis of the ester by the cells. 
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Figure 1. Butanol Distribution at 36 C. Contact time was 
3 days without shaking. 
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hours 0.4 ml of 4.5 N NaOH was added to the 100 ml 
of broth for pH control. 
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Figure 3. Extractive fermentation without shaking. Medium 
consisted of 25 ml of ester added to 100 ml of 
broth. After 16 hours, 0.4 ml of 4.5 N .NaOH was 
added to the 100 ml of broth for pH control. 
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Recently, the microbial production of useful products such as ethanol 
has received increasing attention. True energetic yields and the maintenance 
coefficient are important in understanding these microbial processes. 
Recently, the concept of material and energy balance regularities were used 
and maintenance coefficient, me, true growth energetic yield, nmax• and 
true product energetic yield, ~wax, for aerobic cultures have been studied 
by Erickson and coworkers (1-8). 
In this work two different approaches which are based on utilization of 
available electron and free energy concepts were studied. Also by utilizing 
these concepts, three sets of data in the literature were analyzed to show 
how to apply these approaches. 
THEORY 
The balance equation of microbial growth, where extracellular products 
are formed, can be shown as follows: 
where: 
CHmOn + aNH3 + bOz = y CH 0· N + zCH 0 N + cH20 + dC02 ~ c p n g r s t 
CHmO~: 
CH 0 N p n g 
CHrOsNt: 
elemental composition of the organic substrate 
elemental composition of the biomass 
average elemental composition of the extracellular 
products. 
(1) 
The concept of reductance degree, y, which is the number of equivalents 
of available electrons per gram atom carbon,is used with three regularities 
which were identified and quantified by Minkevich and coworkers (9). 
Q0 = 26.95 kcal/g-equivalent of available electrons transferred to oxygen. 
Yb = 4.291 g equivalents of available electrons per quantity of biomass 
containing one g atom carbon 
crb = 0.462 g carbon in biomass/g-dry biomass 
Using these regularities an available electron or energy 
balance can be written as follows (5): 
s + n + ~P = 1. o (Available electron balance) 
where E: is the fraction of available electrons in organic substrate which 
(2) 
-----------------------·---
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are transferred to oxygen, n is the fraction of available electrons which 
are incorporated into biomass, and ~p is the fraction of available electrons 
which are incorporated into extracellular products. The carbon balance is 
yc + z + d = 1.0 
where Ye, z, and dare the stoichiometric.coefficients in Equation (1). 
Equations (2) and (3) can be used to check the consistency of the 
experimental results. 
Erickson (5) has derived the following equation: 
1 __ 1_ +me+ t;p Form I - = 
n nmax ]J n max l;p 
When this equation is simply multiplied by ]J a second form is obtained: 
.1! = _g + m + .1! • _l;.E__ 
n nmax e n max 
- Form II 
l;p 
where ]J is the specific growth rate, hr-1 , m is the rate of organic 
substrate consumption for maintenance, g equi~alent of available electrons/ 
(3) 
(4) 
(5) 
g equivalent of available electrons in biomass (hr), nma is the true biomass 
energetic yield, dimensionless, and l;~ax is the true pr~duct energetic yield, 
dimensionless. 
Equations (4) and (5) are for data inputs which result from measurements 
which are converted to available electron yields such as n and l;P. The use 
of Equations (4) and (5) and other related forms of these equations is 
considered in detail elsewhere by Oner et al. (14). 
Equations (4) and (5) may also be employed with free energy yields for 
n and l;p to obtain true free energy yields and a corresponding maintenance 
parameter. For the reference state of NH3 in aqueous solution, co2 gas and 
liquid HzO, the free energy of biomass is about 114.07 kJ/eq. of available 
electrons (15). For glucose and ethanol, QG' glucose = 119.667 kJ/equiv. 
avail. electron, and Qc, ethanol = 109.875 lU/equiv. avail. electron. 
Three sets of data from literature were analysed by using Equations 
(4) and (5) with the available electron approach and the free energy 
approach to estimate me, nmax and i;pax. 
Another important concern in this study is the energetic efficiency 
associated with each pathway. The data of van Meyenburg (10,11) is 
reanalysed; nmax values are calculated at each specific growth rate by 
fixing me and ~~ax. 
DISCUSSION OF RESULTS 
Results from data of Dekkers et al. (12) are presented on Table 1. 
Available electron and free energy approaches are applied with equation 
(4) and (5) by utilizing non-linear regression analysis to obtain me, ~ax 
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and ~~x. As it is seen from the results, we have encountered several 
problems. Some negative values were obtained for me, which is thermo-
dynamically impossible. Actually, it is very difficult to get accurate 
estimates for me, probably due to its very small magnitude. Another 
important problem was ~max estimations. Higher values than the theoretical 
maximum values were obtgined. Maximum values can be roughly calculated 
as follows: 
Glycolysis follows the equation, 
2ADP + c6H12o6 ~ 2C 2H50H + 2ATP + 2C02 
From this reaction, one can easily calculate, 
and 
~max h t eor, a. e. basis p ' 
24Q + 2(0.25Q ) 
0 0 
---'--2-4Q----=- = 1. 02 
0 
~;ax, theor, free energy basis = 2(109.875)12+34.305(2) 24(119. 667) 0.942 
The smaller value from the free energy approach accounts for the 
differences between energy levels of substrate and product, but the available 
electron approach does not. 
Similar trends were obtained from the data of Oura (13) in Table 2 
and von Meyenburg (10, 11) in Table 3. All these results show that, some-
times, the results of Eq. (4) and (5) can be significantly different. Also, 
frequently ~max values are greater than the theoretical values. To be able 
to explain this inconsistency, data of Meyenburg (11, 12) are reanalyzed. 
Table 4 shows the nmax values of each specific growth rate for the fixed 
values of me=O.Ol4 hr-1 and ~~ax= 1.02, with available electron approach. 
Some calculations are repeatea with the free energy approach, Table 5, for 
ffie = 0.0035 hr-1 and ~max= 0.942. For both cases, the results indicate 
that as specific growth rate increases, and ethanol production increases, 
nmax increases. This can be explained by an increase in efficiency when 
ATP production processes shift from oxidative phosphorylation to substrate 
level phosphorylation. 
One can easily, and roughly, calculate efficiency in both pathways 
for this system. For oxidative phosphorylation, P/0 ratio for this system 
was indicated as 1.1 by von Meyenburg (10, 11); that is, for oxidation of 
1 mole of glucose to co2 and H2o, 15.2 moles of ATP are generated. The 
percentage of energy in the substrate used for production of 2 ATP is 
--
2
-- * 100 = 13.16%. However, for substrate level phosphorylation the per-
~~nEage of energy in the substrate used for 2 ATP production is only 
119.667 - 109.82~ 100 = 8 18%. 
119.667 X • • 
These results indicate that, for this system, substrate level 
phosphorylation has a higher efficiency than oxidative phosphorylation. It 
should be kept in mind that these results and this conclusion is only for 
this system and it completely depends on the P/0 ratio. 
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For the von Meyenburg data (10, 11), ~p values were calculated by 
available electron balance (where substrate, product biomass and oxygen 
measurements are utilized) and carbon balance (where substrate, biomass, 
product and carbondioxide measurement are utilized). As it is seen from 
Table 3, utilizing different sets of measurements has a significant effect 
on the estimates. For that reason utilization of statistical techniques 
are necessary to get the best combined estimates from all available data. 
Oner et al. (14) have developed appropriate techniques. 
CONCLUSION 
Estimation of maintenance coefficient, true growth and product yields 
are necessary for better understanding of microbial processes. 
Available electron concept is a useful tool to estimate yield 
parameters in aerobic cultures. On the other hand, free energy approach 
has superiority over available electron concept where product has lower 
energy than substrate. 
Efficiencies in oxidative phosphorylation and substrate level 
phosphorylation are different. 
It is seen from the results of von Meyenburg data that the use of different 
sets of measurements (02, C02 etc.) gives significantly different results. 
Therefore utilization of statistical techniques which make it possible to 
obtain improved estimates by utilizing all available data are necessary. 
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Table 1. Estimated values of maintenance parameter, true growth energetic 
yield and true product energetic yield: by non-linear regression 
analysis. 
Available electron Equation (4) 
approach Equation (5) 
Free energy Equation (4) 
approach Equation (5) 
Data of Dekkers et al. (12). 
me (hr -l) 
0.0035 
-0.0090 
0.0036 
-0.0094 
nniax 
0.5257 
0.4933 
0. 5038 
0.4728 
~max 
p 
1.0870 
1.1177 
0.9981 
1.0262 
Table 2. Estimated values of maintenance parameter, true growth energetic 
yield and true product energetic yield by non-linear regression 
analysis. 
m (hr-1) 
e nmax 
~max 
Available electron Equation (4) 0.1549 0.9146 1. 2061 
approach Equation (5) 0.1236 0.8078 1.1821 
Free energy Equation (4) 0.1615 0.8767 1.1074 
approach Equation (5) 0.1289 0. 7742 1. 0850 
Data of Oura (13). 
Table 3. 
Available 
Free 
Energy 
Basis 
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Estimated values of maintenance parameter, true growth energetic 
yield and true product energetic yield by non-linear regression 
analysis. 
-1 
me (hr ) nmax !;;max 
electron basis 0.0157 0.5881 1.1362 
<S:p from 
avail. elect. Equation (4) 0.0038 0.5464 1.0482 
balance Equation (5) 0.0037 0.5456 1.0484 
.Sp from 
carbon Equation (4) 0.0158 0.6145 0.9559 
balance Equation (5) 0.0326 0. 6721 0.9259 
Data of Meyenburg (10, 11) 
Table 4. -1 Calculated true growth energetic yields for me=O.Ol4 hr and 
~max=1.02 (available electron approach). p 
-1 ll(hr ) 
0.240 
0.275 
0.300 
0.325 
0.350 
0.375 
0.400 
0.425 
0.450 
0.58 
0.62 
0.67 
0.70 
0.74 
0. 77 
0.80 
0.81 
0.83 
Data of Meyenburg (10, 11) 
Calculated true growth energetic yields -1 Table 5. for m9 =0.0035 hr and ~max=0.942 (free energy approach). p 
-1 ll(hr ) nmax (t;:E from a. e. bal.) nmax (t,;E from carbon bal.) 
0.050 0.5885 0.5885 
0.100 0.5613 0.5607 
0.150 0.5391 0.5681 
0.200 0.5334 0.5739 
0.240 0.5321 0.5745 
o. 275 0.5652 0.6034 
0.300 0.6044 0.6467 
0.325 0.6436 0.6128 
0.350 0.6806 0. 7114 
0.375 0.7098 0.6115 
0.400 0.7392 0.5596 
Data of Meyenburg (10, 11) 
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In microbial growth it is necessary to understand the allocation of 
substrate energy for biomass production and maintenance. For a given 
specific growth rate, an experimenter typically measures substrate 
concentration, biomass concentration, oxygen utilization rate, the rate 
of carbon dioxide evolution and sometimes the nitrogen concentration. 
From these measurements several individual estimates of true biomass 
energetic yield, (nmax) and maintenance coefficient (me) can be obtained 
(Solomon et al. 1981; 1982). Due to the errors associated with each of 
the measurements, accurate parameter estimation is difficult; thus, there 
is a need to develop some statistical methodologies by which combined 
estimates of the parameters of interest can be obtained using all the 
measured variables. In earlier work (Solomon and Oner, 1981; Solomon 
et al. 1982), the method of analysis was based on results obtained by 
Khatri (1966) and Rao (1967). In this article an extension of Rao's 
(1966) procedure is used. This involves covariance adjustment and some 
non-linear parameter estimation techniques using the Hooke and Jeeves 
(1961) Pattern Search Technique to estimate the true growth yields and 
maintenance parameters for the growth of Candida utilis ocy corn dust. 
The results obtained from the linear estimation procedures will be 
compared with those obtained from non-linear procedures for models in 
which the nitrogen measurement was included and when it was not. The 
data analyzed was that of Solomon et al. (1981). 
THEORY 
The following equations are the reparameterized forms of Pirt's 
(1965, 1975) models (Ferrer and Erickson, 1979; Solomon et al. 1982). 
_JJ_ = _JJ__ + me + El 
nN2 nmax 
_l..l_(n + ~::) 
n 
(1) 
(2) 
(3) 
--~--(y + d) 
n c 
= --~-
where cr9 and crb are the fractions of carbon in substrate and biomass 
respectively, Ys and yb are the reductance degrees of organic substrate 
and biomass respectively, EI, £2, £3, and £4 are random errors, ~ is the 
specific growth rate, n is biomass energetic yield, E is the fraction 
of substrate energy given off as heat, Yc and d are the fractions of 
substrate carbon converted to biomass and carbon dioxide, respectively, 
Qs is the specific rate of substrate consumption, and nmax and me are 
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as defined earlier. The dependent variables ~~~2 and ~/n from equations (1) and (2) respectively are obtained from nitrogen and substrate, and 
substrate and biomass measurement. The dependent variables in equation 
(3) and (4) involve the available electron balance (n + E) and the 
carbon balance (Yc + d) respectively. For consistent data the constraints 
n + E = 1 and Yc + d = 1 are satisfied and equations (2), (3) and (4) 
are essentially identical. However, since the available electron and 
carbon balances are rarely satisfied, due to measurement errors, 
different estimations of nmax and me can be obtained from the above 
equations. When these dependent variables which are related by the 
available electron and carbon balances are treated as correlated multi-
response observations, combined estimates of nmax and me can be ob-
tained using covariance adjustment technique and by two different non-
linear estimation procedures. The complete detail of the above pro-
cedures are presented elsewhere (Solomon et al. 1982b; Yang et al. 
1982). 
DISCUSSION OF RESULTS 
Tables 1 and 2 compare the point and interval estimates obtained 
by different estimation procedures for the true biomass energetic 
yield and maintenance coefficient for Candida utilis growth on filtered 
glucose. In Table 1, estimates were obtained using direct biomass 
and substrate measurements, available electron balance and carbon 
balance; thus there are three responses for each observation. The 
point and interval estimates for both nmax and me are quite similar 
for the methods. In Table 2, estimates were obtained using the 
nitrogen measurement in addition to the data used in Table 1. The 
estimates obtained for nmax and me are quite similar in the two cases 
when the linear estimation procedures, covariance adjustment and MLE 
were applied. However, due to the increment in the number of responses, 
the size of the matrix whose determinant is to be minimized by Hooke 
and Jeeves search technique increases; thus, the estimates obtained 
were quite sensitive to the step sizes and starting points and also 
required a lot of computing time. This is explained in terms of the 
presence of several local minimums as the number of responses increase. 
Tables 3 and 4 compare the estimates obtained using the estimation 
procedures for growth on unfiltered glucose. Due to the presence of 
unhydrolysed corn dust residues the measurement of biomass was difficult 
and thus the data was inconsistent (Solomon et al.,). The estimates 
of nrnax and me in Table 6 using the covariance adjustment technique 
appear to be substantially improved when the nitrogen data is included. 
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-1 The values of nma· = 0.683 and me = 0.098 hr are very reasonable and 
the 95% confidenc~ intervals of [0.567, 0.859] for nmax and [0.00, 0.231] 
for me are such that one would reasonable expect these intervals to include 
the actual values of the parameters. These results are considerably better 
than the estimates obtained previously by Solomon~ al., (1981). Due 
to the inconsistency none of the methods could yield a very good result in 
Table 3. In Table 4, the non-linear methods again had their problems due 
to the large number of responses at each observation. 
CONCLUSIONS 
The statistical methologies which are applied, allow one to combine 
different estimates and has led to improved point and interval estimates 
for the true biomass energetic yield and maintenance coefficients. 
The maximum likelihood estimator using all the covariates is not 
always the best estimator. Including only selected subsets of covariates 
sometimes yields better estimators. 
The non-linear estimation procedures are efficient for parameter esti-
mation when only a few equations are involved. 
For the data considered in this work, inclusion of the nitrogen data 
substantially improved the estimates. 
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Table 1. Estimates of true biomass energetic yield and maintenance coefficients from biomass, o2 , 
co
2 
and glucose measurement for the growth of Candida utilis on filtered glucose from 
corn dust. 
nmax 
-1 
m ,hr 
e 
Hethod of Analysis 
Point Interval Boint Interval 
Cov. Adjustment 0.615 [0.559, 0.682] 0.020 [-0.047, 0.086] 
~fLE 0.643 [ 0. 57 4, 0. 7 31] 0.028 [-0.038, 0.094] 
Non-lin. Method 1 0.657 [0.625, 0.706] 0.027 [-0.010, 0.073] 
Non-lin. Method 2 0.643 [ 0 . 5 80 , 0. 71 7 ] 0.026 [0.020, 0.035] 
Data of Solomon et al. (1981). 
Table 2. Estimates of true biomass energetic yields and maintenance coefficients from biomass, o2 , C02 , nitrogen and glucose measurement for the growth of Candida utilis on filtered glucose from corn dust. 
Method of Analysis -1 
n m ,hr 
max e 
-
Point Interval Point 
Cov. Adjustment 0.608 [0.550, 0.679] 0.030 [-0.043, 0.103] 
MLE 0.625 [0.553, 0.720] 0.031 [-0.047, 0.104] 
Non-lin. Hethod 1 0.578 [0.500, 0.670] 0.059 [0.041, 0.062] 
Non-lin. Method 2 0.589 [ . 544, 0. 610] 0.053 [ 0. 060, 0. 06 7] 
Data of Solomon et al. (1981). 
--
0\ 
0\ 
Table 3. Estimates of true biomass energetic yield and maintenance coefficients from biomass, 02 , co2 and glucose measurement for the growth of Candida utilis on unfiltered glucose from 
corn dust. 
Method of Analysis 
Point 
Cov. Adj us tmen t 0.842 
MLE 0.869 
Non-lin. Method 1 0. 726 
Non-lin. Method 2 o. 754 
Data of Solomon et al. (1981). 
--
n 
max 
Interval 
[0.692, 1.08] 
[0. 711, 1.12] 
[0.690, 0. 750] 
[0.710, 0. 780] 
Boint 
0.184 
0.166 
0.155 
0.144 
m hr-1 
e' 
Interval 
[0.083, 0.286] 
[0.063, 0.269] 
[0.103, . 278] 
[.119, .259] 
Table 4. Estimates of true biomass energetic yield and maintenance coefficient from biomass, o2 , co2 , nitrogen and glucose measurement for the growth of Candida utilis on unfiltered glucose from corn dust. 
Method of Analysis nmax 
Point Interval 
[0.567, 0.859] 
[0.564, 1.07] 
[0.749, 0.955] 
Non-lin. Method 2 0.921 [0.855, 1.05] 
Data of Solomon et al. (1981). 
Point 
m h -1 e, r 
Interval 
[ 0. 00, 0. 2 31] 
[0.007, 0.249] 
[0.004, 0.026] 
[0.085, 0.104] 
0\ 
-....J 
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At present corn that has been dried artificially to 12-15% moisture is 
used as feedstock for the wet milling industry. There it is steeped in a 
dilute sulfur dioxide solution, degerminated, ground, and separated by size 
and density differences into starch, gluten, germ, fiber, and steepwater 
fractions. The advantage of using this raw material is that it may be stored 
and transported without appreciable degradation; however, steeping, where the 
corn in rehydrated and its components partially dissociated from each other, 
requires significant process times and therefore is capital-intensive. 
Another way to preserve corn is to ensile it under anaerobic conditions 
at 20-35% moisture so that it undergoes a natural lactic acid fermentation. 
The resulting low pH prevents degradation so long as oxygen is excluded. If 
ensiled corn could be satisfactorily wet milled, energy would be saved, as 
artificial drying would be unnecessary. In addition, as some of the same 
processes occur in ensiling as in regular steeping, it is possible that 
steeping of ensiled corn would require less time or allow a more complete 
separation after wet milling than would the steeping of dried corn. 
Though wet milling of dried corn is a common industrial process, there 
have been surprisingly few published laboratory-scale studies of it. Four 
papers (1-4) are most germane to the work presented here. There appears to 
be nothing in the literature dealing with the wet milling of ensiled corn. 
Therefore, this project was undertaken to investigate the steeping, with 
and without SO , and further wet milling of ensiled corn under laboratory 
conditions. Ytelds of various fractions after milling, as well as steepwater 
conditions and corn moisture levels at various steeping times, were determined 
and compared with those of dried corn steeped under similar conditions. 
MATERIALS AND METHODS 
Analyses 
Moisture in corn kernels was determined by drzing for 1.5 h at 120°C; in 
processed samples it was measured by drying at 49 C overnight. Starch was 
determined polarmetrically by the CaC12 procedure of Earle and Milner (5), protein (N x 6.25) by the macro-Kjeldanl method with a Tecator 20 1005 
heating unit, KjelTech I distillation system, and 1002-21 titration unit 
(6,7), oil by Soxhlet extraction (8) for 16 h of 8-10 g of sample with 
* Permanent address: Institute of Human Nutrition, Warsaw Agricultural 
University, Warsaw, Poland. 
200-250 mL of an equal volume mixture of diethyl ether and 1,1,1-trichloro-
ethane (9), and lactic acid by the Cuso4 method of Smith (10). 
Corn Samples 
Matched samples of dried and ensiled corn were obtained from three 
sources. Compositions of each are shown in Table 1. 
Steeping and Milling Procedure 
Approximately 50 g (dry basis) portions of each of the three corn samples 
were added to 250 mL of water or aqueous Na 2so3 solution made up to 0.25% SO 
and adjusted to pH 7 with concentrated H2so4 . The mixture was held at 52°C 
2 
with hourly shaking (less often after 24 h) and 20 mL samples of steepwater 
and 2 g (dry basis) samples of corn were removed at specified times for 
composition and moisture determination, respectively. After 48 h the steep-
water was decanted and analyzed, and excess liquid was removed from the corn 
by blotting. Samples of approximately 25 g of corn, with about 15 mL of added 
water, were coarsely ground with a Janke & Kunkel Type AlO blender with two 
55 mm diameter blades and screened in turn with 40, 200, and 270 U.S. Standard 
sieves (0.420 mm, 0.074 mm, and 0.053 mm openings, respectively). The 
fraction that was held up by the first sieve was ground somewhat more finely 
twice more, taking care not to break up germ and fiber particles, with a 
mortar and pestle with extra water added and was screened with the first 
sieve again. Material stopped by the 200 and 270 mesh sieves was washed 
with water to more completely separate starch, which passed through, from 
gluten, which was held up. After settling, starch was separated from water 
by decanting. The procedure is shown schematically in Figure 1. 
RESULTS AND DISCUSSION 
Both dried and ensiled corn inbibed water quickly when steeped, ensiled 
corn reaching the ultimate level of about 40% moisture somewhat more quickly 
(Figures 2, 3). Substitution of water for an aqueous solution of 0.25% so2 
had no effect. 
Though results are somewhat scattered, it is clear that with both dried 
and ensiled corn, steepwater pH rose rapidly and then decreased, starting 
at a higher value and ending at a lower value in the case of ensiled corn 
(Figures 4, 5). Again there was no difference between water and 0.25% S02 . 
Protein and lactic acid contents of steepwater reached appreciably higher 
values with ensiled corn than with dried corn (Figures 6, 7). With lactic 
acid the type of steeping made no difference, but with protein steeping with 
0.25% so
2 
appeared to yield a higher final concentration than that with water. 
Yields of each fraction on a dry basis are shown on Table 2. Ensiled 
corn gave slightly more of the starch fraction and somewhat less gluten than 
did dried corn. Steeping with so2 yielded a little more starch and gluten from dried corn, though the same aid not occur with ensiled corn. 
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Partial determination of composition of the three solid fractions (Table 3) 
allowed calculation of yields of starch, protein, and oil in the fractions 
where their presence is desired (Table 4). Assuming the starch fraction is 
99% starch, we may note that yield of starch in that fraction was much higher 
with ensiled than with dried corn, caused by higher starch concentrations 
in dried corn and higher starch fraction yields from ensiled corn. Because 
dried corn yielded more gluten than did ensiled corn, while the protein 
concentration varied little in either gluten or the original corn, the 
yield of protein in gluten was much higher from dried corn. This was partly 
made up by the higher protein concentration of steepwater from ensiled corn. 
Conversely, higher concentrations of oil in fiber and germ fractions from 
ensiled corn and lower oil concentrations in the original ensiled corn caused 
higher yields of oil in fiber and germ from ensiled corn. 
Type of steeping affected yield much less than did type of preservation. 
Steeping with so2 gave somewhat higher yield of starch in the starch fraction 
and of protein in the gluten fraction and lower yield of protein in the fiber 
and germ fraction from dried corn. There was little difference in these 
three yields from ensiled corn, probably because ensilage had already caused 
the same loosening of components from one another that steeping with so2 is 
supposed to effect. However, it should be noted that so2 steeping gave lower yields of oil in the fiber and germ fraction from both dried and ensiled corn. 
CONCLUSIONS 
1. Wet milling of ensiled corn is not appreciably quicker than that 
of dried corn. 
2. Wet milling of ensiled corn gives higher yields of starch and lower 
yields of gluten than are obtained from dried corn. Protein yield 
in the gluten is decreased, while that in the fiber and germ is 
roughly constant. Oil yield in the fiber and germ is increased. 
3. Steeping with water gives much the same results as steeping with 
SO , especially with ensiled corn. so2 steeping causes a lower oil yi~ld in the fiber and germ fraction, and for dried corn only, a 
shift of protein from fiber and germ to gluten and an increase of 
starch yield. 
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Table 1. Composition of corn samples. 
Sample 
A B 
Dried Ensiled Dried Ensiled 
Strains Pioneer 3541 Pioneer 3381, 3388, 
3541 
Moisture, % 12.6 20.3 10.5 27.8 
Starch, % (d.b.) 71.7, 72.7 67.1, 67.5 70.0, 70.8 71.9 
Protein, % (d.b.) 9.22 10.49 9.60 8. 75 
Oil, % (d.b.) 4.81 3.89, 3.95 4.39 4.34 
Total, % (d. b.) 86.2 81.7 84.4 85.0 
* Standard deviation. 
c 
Dried Ensiled 
Pioneer 3183, 3388 
16.4 21.9 
69.4, 69.8 63.3, 63.9 
9.55 9.34 
4.90 4.90 
84.1 77.8 
Average 
Dried Ensiled 
70.7+1.3 67.6+3.4 
- -
9.46+0.21 9.53+0.88 
4.70+0.27 4.39+0.46 
84.9+1.1 81.5+3.6 
'-I 
N 
Table 2. 
Fraction 
Starch, % 
Gluten,% 
Fiber and 
germ,% 
Total 
yield,% 
,1 
Yields after steeping and wet milling of corn samples. 
Sample 
A B c Average 
SteeEing Dried Ensiled Dried Ensiled Dried Ensiled Dried Ensiled 
0.25% so2 63.2 63.7 56.4 64.6 59.5 57.3 59. 7±3. 4 61. 9~4. 0 Water 62.6 62.3 55.6 63.9 56.2 58.3 58.1±3.·9 61. s±2. 9 
0.25% so2 ll. 5 10.1 19.5 12.7 15.1 15. 1 15.4±4.0 12.6±2.5 Water 11. 7 8.4 18.3 12.7 12.4 16.9 14.1±3.6 12.7±4.3 
0.25% so2 19.7 23.9 20.1 15.0 23.2 25.3 21.0±1.9 21. 4±5. 6 Water 16.5 25.5 20.9 20.0 27.7 24.2 21. 7±5.6 23.2±2.9 
0.25% so2 94.4 97.7 96.0 92.6 97.8 97.7 96.1:±1.7 96.0±2.9 90.8 96.2 94.8 96.6 96.3 99.4 + 97. 4±1. 7 Water 94.0-2.8 
---~--------
" w 
Table 3. Partial compositions of gluten and fiber and germ fractions. 
Sample 
A B c 
Component Steeping Dried Ensiled Dried Ensiled Dried Ensiled 
. 
Protein 0.25% so2 42.1 41.9 33.7 40.1 38.9 36.9 in gluten, % Water 40.3 42.5 35.3 39.7 41.6 36.2 (d. b.) 
Protein 0.25% so2 12.3 14.9 10.4 10.9 12.5 12.7 in fiber and Water 12.8 10.0 14.3 12.1 13.1 13.9 germ, % (d.b.) 
Oil in fiber 0.25% so2 8.45 8.95 7.85 9.05 8.24 9.48 
and germ, % Water 8.40 8.80 8.80 9.20 8.34 9.46 (d. b.) 
·j 
Average 
Dried Ensiled 
38.2+4.2 39.6+2.5 
39.1+3.3 39.5+3.2 
11.8+1. 2 12.8+2.0 
- -
13.4+0.7 12.0+2.0 
8.18+0.30 9.16+0.28 
8.51+0.25 9.15+0.33 
......, 
~ 
"" 
-.} ~ 
'"' 
Table 4. Component yields in wet milling fractions. 
Component 
Starch in 
starch fraction 
Protein in 
gluten fraction 
Protein in 
fiber and germ 
fraction 
Oil in fiber 
and germ 
fraction 
Steeping 
0.25% so2 Water 
0.25% so2 Water 
0.25% so2 
'.Vater 
0.25% so2 Water 
Yield, % (d.b.) 
Dried 
83.6 
81.4 
62.2 
58.3 
26.2 
30.7 
36.5 
39.3 
Ensiled 
90.6 
90.1 
52.3 
52.6 
28.7 
29.2 
44.7 
48.4 
-....! 
\.J'1 
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RAW MATERIALS PROCESS INTERMEDIATE FINAL 
PRODUCTS PRODUCTS 
ENSILED OR 
DRIED CORN( 
=I 
STEEPING ,. LIGHT WATER OR 
AQUEOUS 52°C l STEEPWATER o.25% so2 STEEPED 
H20 ~ KERNELS MILLING (BLENDER) 
• LIGHT MILL 
H20 KERNELS 
40 MESH 
SIEVE 
SCRAPING 
H20 KERNELS 
MILLING 
(MORTAR AND 
PESTLE) 
H20 
40 MESH DRYING FIBER AND 
SIEVE GERM 
H20 
200 MESH 
SIEVE 
H20 
270 MESH GLUTEN DRYING GLUTEN SIEVE SLURRY 
STARCH DRYING STARCH SLURRY 
WASHWATER 
Fig. 1. Laboratory procedure for steeping and separation of ensiled or 
dried corn. 
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Fig. 2. Moisture content of ensiled corn kernels during steeping in 
a) 0.25% so2 or b) water. Sample A (6), B (o), or C (o). 
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Fig. 3. Moistut"e content of dried corn kernels during steeping in 
a) 0.25% so2 or b) water. Sample A <•), B C•), or C C•). 
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a. 
5.6 
e A 0 t::. 
pH 0 
0 0 
4.8 
0 
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6.4 
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pH 
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ELAPSED TIME (h) 
Fig. 4. pH of steepwater during steeping of ensiled corn kernels in 
a) 0.25% so2 or b) water. Symbols are as in Figure 2. 
pH 
pH 
6.4 
a . 
• • 
5.6 • I 
• 
4.8 
4.0 
• 
b. 
5.6 
• 
• • 
4.8 
4.0 
• 
0 
ELAPSED TIME 
Fig. 5. pH of steepwater during steeping of dried corn kernels in 
a) 0,25% so2 or b) water. Symbols ~re as in Figure 3. 
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Fig. 6. Protein content of steepwater during steeping of ensiled (open 
symbols) and dried (closed symbols) corn kernels in a) 0.25% so2 
or b) water. Symbols are as in previous figures. 
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Fig. 7. Lactic acid eontent of steepwater during steeping of ensiled 
and dried corn kernels in a) 0.25% so2 or b) water. Symbols 
are as in previous figures. 
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Grasses. alfalfa and other forage plants constitute the world's largest 
supply of protein and provide the basis for animal husbandry and agriculture. 
Leaf protein has been shown to have real potential as a protein source for 
feeds and foods. Morever. forages provide a very low-cost raw material for 
protein recovery. Alfalfa - a perrenial crop. has generated much interest in 
protein recovery. In the United States alone. 74 million tons of alfalfa are 
produced annually (U.S. Stat. Rept. Ser. Crop. Prod.). 
Alfalfa principally consists of cellulose. hemicellulose. lignin and 
protein. The protein content is around 17%. On processing alfalfa to obtain 
protein concentrate for food/feed uses. a major product obtained will again 
be a protein-fibre fraction. which can be used as a ruminant feed. Thus. 
alfalfa can be fractionated such that digestible protein free of fibre be made 
available for monogastric man and animals and the residual protein-fibre be 
utilized with ruminant animals. 
Alfalfa is also a potentially good source to obtain fuel. in today's 
great demand for fuels from renewable sources. Protein can be easily extract-
ed and the remaining lignocellulosic fraction can be utilized to obtain a high 
value sugar syrup. which could be used as a feed source or can be fermented 
via microbial activity to a large spectrum of end products (ethanol. butanol. 
acetic acid. citric acid. SCP. etc.). 
In an integrated biomass refining scheme. there are several reasons 
for recovering this protein(3) 
1. Protein is rather easily removed. 
2. Protein is potentially the most valuable fraction of biomass. 
Protein recovery could therefore provide a significant processing 
credit in biomass refining and might substantially improve the 
economic position of biomass-deived fuels. 
3. There is legitimate concern about the impact of large fuels from 
biomass industry on world supplies. 
BACKGROUND 
Studies have been conductd over the past 50 years on extraction of prote-
in from green leaves (5.8). Commercial scale production of protein from 
alfalfa by Pro-Xan has started in U.S.A. and Hungary. This leaf protein is 
also of excellent nutritional quality with protein efficiency ratio (weight 
gain in young rats per weight of protein consumed) better than any of cereal 
---------------------------------·~--·---
proteins and near that of the milk protein casein, the international nutri-
tional protein standard(!). 
84 
The commercial method for production involves pulping and pressing out 
the JUlce. The protein-rich juice is heat coagulated at 80 C. Excess water 
is removed by pressing to obtain protein precipitate. About 60-7~ of the 
protein can be extracted by such techniques. Alternately,alkaline extraction 
could be used. Alkaline solutions such as ammonium hydroxide and sodium 
hydroxide have been used to extract protein from alfalfa(2). 
It has been ooserved that treatment of alfalfa with liquid anhydrous 
ammonia increases cellulose digestibility and a highly accesible alfalfa is • 
obtained. This result can be used in an integrated biomass refining plant to 
obtain fuels from biomass. Protein can be extracted from the ammonia treated 
material betore hydrolysis of alfalfa. 
OBJECTIVE 
The objective of this research was to determine the conditions which 
maximize the yield of protein precipitate from alkaline extracted alfalfa. 
Sodium hydroxide and calcium hydroxide (.001M) were used as alkaline extrac-
tion agents and extraction was done at 50 C and 70 C on untreated and ammonia 
treated alfalfa. Calcium hydroxide is cheaper than sodium hydroxide and has 
better handling and filtering characteristics. 
Ground alfalfa sieved in various fractions was used. Ammonia treatment 
was done on each fraction with 1 pound of ammonia per pound alfalfa at 150-160 
psi for 20 minutes. 
EXPERIMENI'AL METHODS AND ANALYSIS PLAN 
Forage fibre analysis was conducted to determine composition of alfalfa 
(cellulose, hemicellulose, lignin, ash etc.). Kjeldehal analysis was used 
to determine the total nitrogen and total nitrogen x 6.25 was used to estimate 
total protein. Alkali extraction was done for 1/2 hour, followed by two 
washes with 2.5 weights solution per weight alfalfa (filtering after each 
wash). 
RESULTS AND DISCUSSION 
The results of the experiments have been represented as histograms(figs. 
1-6). Figs 1 and 2 represent forage fibre analysis for various fractions for 
untreated and ammonia treated fractions respectively. It is observed that 
cellulose and lignin content of ground and 18-35 mesh alfalfa increases upon 
ammonia treatment, and they remain nearly the same for 35-60 mesh and 60-120 
mesh material. The protein content of all fractions increases upon ammonia 
treatment. Figs. 3 and 4 represent the protein extraction steps for untreated 
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alfalfa. In fig. 3 the amount of protein extracted from 100 gms. of feed is 
shown and fig. 4 shows the percentage of protein present in feed that has been 
extracted. The data ox fig. 3 is more relevant, since it shows the amount of 
protein we can extract from the feed and thereby the economic feasibility can 
be studied. The figures also compare the extractibility of sodium hydroxide 
and calcium hydroxide at different temperatures. 
Figs. 5 and 6 represent the protein extraction for ammonia-treated 
material. Two bases were chosen for calculations. In basis 1, calculations 
were based on protein present in untreated alfalfa and basis 2 represents 
protein present in ammonia treated alfalfa. Thus, a comparison was made to 
determine if ammonia treatment had any effect on protein extractibility. 
Fig.5 shows the percentage of protein present in feed that was extracted and 
fig.6 shows the amount ot protein extracted per 100 gms. feed. As described 
earlier, data of fig.6 is more relevant. 
The conclusions that can be drawn are 
1. Ammonia treatment does not increase the amount of protein extracted. 
2. Increasing the temperature does not increase the amount of protein 
extracted. 
3. Calcium hydroxide and sodium hydroxide give similar results (calcium 
hydroxide is sometimes better) for both percent protein extracted 
and amount ot protein extracted (for basis 1 and 2). This is a 
useful result, since calcium hydroxide is cheaper and calcium is 
an added nutrient. 
4. About 35-50% protein present in alfalfa can be extracted. 
Further work is being done to study the amount of sugars present and the 
heat coagulation step of protein precipitation. 
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p r o c e d u r e  f o r  p r e p a r i n g  t r i m e t h y l s i l y l  ( T M S )  e t h e r s  o f  s u g a r s  a n d  s h o w e d  t h a t  
T M S  d e r i v a t i v e s  u p  t o  t e t r a s a c c h a r i d e s  a r e  s u f f i c i e n t l y  v o l a t i l e  f o r  s e p a r a t i o n  
b y  g a s  c h r o m a t o g r a p h y .  T h e  a p p l i c a t i o n  o f  t h e i r  m e t h o d  t o  t h e  s e p a r a t i o n  o f  
T M S  d i s a c c h a r i d e s  i n  c o m p l e x  m i x t u r e s  w a s  r e p o r t e d  b y  s e v e r a l  a u t h o r s  ( 2 - 6 ) .  
H o w e v e r ,  a  g e n e r a l  d i f f i c u l t y  w a s  t h e  a p p e a r a n c e  o f  m u l t i p l e  p e a k s  i n  t h e  
c h r o m a t o g r a m  d u e  t o  t h e  p r e s e n c e  o f  t a u t o m e r i c  f o r m s  o f  r e d u c i n g  s u g a r s .  
I n  o r d e r  t o  r e d u c e  t h e  n u m b e r  o f  p e a k s ,  T o b a  a n d  A d a c h i  ( 5 )  a n d  A d a m  a n d  
J e n n i n g s  ( 7 )  c o n v e r t e d  t h e  d i s a c c h a r i d e s  i n t o  o x i m e s  b e f o r e  f o r m i n g  t h e  T M S  
e t h e r s .  T h e i r  r e s u l t s  i n d i c a t e  t h a t  t h e r e  i s  n o  a d v a n t a g e  i n  u s e  o f  o x i m e  T M S  
d i s a c c h a r i d e s ,  s i n c e  f o r  r e d u c i n g  s u g a r s  u s u a l l y  a t  l e a s t  t w o  p e a k s  p e r  d i -
s a c c h a r i d e s  a p p e a r e d  a n y w a y .  T h e r e f o r e ,  f o r  c l e a r  i d e n t i f i c a t i o n  a n d  q u a n t i t a t i o n  
o f  a  c o m p l e x  m i x t u r e  o f  d i s a c c h a r i d e s ,  m u t a r o t a t i o n  e q u i l i b r i u m  d a t a  f o r  t h e  
c o m p o n e n t  s u g a r s  h a v e  t o  b e  u s e d  i f  o v e r l a p p i n g  o c c u r s  ( 8 ) .  
A l l  p r i o r  w o r k  o n  s e p a r a t i o n  b y  g a s  c h r o m a t o g r a p h y  o f  T M S  d i s a c c h a r i d e  
m i x t u r e s  w a s  c o n d u c t e d  w i t h  p a c k e d  c o l u m n s  ( 2 - 6 ) .  T h e  r e t e n t i o n  v a l u e s  o f  t h e  
t a u t o m e r i c  f o r m s  o f  T M S  d e r i v a t i v e s  i n d i c a t e d  t h a t  t e c h n i q u e s  y i e l d i n g  h i g h e r  
r e s o l u t i o n  a r e  r e q u i r e d  f o r  c o m p l e t e  s e p a r a t i o n .  
T h e r e f o r e ,  i n  t h i s  w o r k  w e  i n v e s t i g a t e d  t h e  s e p a r a t i o n  o f  s e v e n t e e n  T M S  
d i s a c c h a r i d e s  o n  a  f u s e d  s i l i c a  c a p i l l a r y  c o l u m n  a n d  d e t e r m i n e d  e q u i l i b r i u m  
c o m p o s i t i o n s  o f  t h e  r e d u c i n g  d i s a c c h a r i d e s  i n  p y r i d i n e .  B y  c h o i c e  o f  t h e  p r o p e r  
s e p a r a t i o n  c o n d i t i o n s ,  a l l  s e v e n t e e n  d i s a c c h a r i d e s  c o u l d  b e  i d e n t i f i e d  a n d  
q u a n t i t a t e d .  
M E T H O D S  
D e r i v a t i z a t i o n  
F o r  e a c h  d i s a c c h a r i d e ,  2 - 3  m g  w e r e  d i s s o l v e d  i n  1  m L  p y r i d i n e  c o n t a i n i n g  
0 . 2  ~ 2 - h y d r o x y p y r i d i n e  c a t a l y s t  ( 9 )  a n d  l e f t  f o r  1 5  h  a t  4 0 ° C  t o  a c h i e v e  
m u t a r o t a t i o n  e q u i l i b r i u m .  E q u i l i b r a t e d  s u g a r s  w e r e  d e r i v a t i z e d  w i t h  h e x a m e t h y l -
d i s i l a z a n e  b y  t h e  p r o c e d u r e  o f  B r o b s t  a n d  L o t t  ( 1 0 ) .  D i s a c c h a r i d e s  w i t h  u n k n o w n  
a n o m e r i c  c o m p o s i t i o n  w e r e  d e r i v a t i z e d  d i r e c t l y  w i t h  T R I - S I L  ' Z '  i n  o r d e r  t o  
o b t a i n  r e t e n t i o n  t i m e s  f o r  e a c h  a n o m e r .  
G a s  C h r o m a t o g r a p h y  
A n a l y s e s  w e r e  m a d e  w i t h  a  P e r k i n - E l m e r  M o d e l  S i g m a  1  g a s  c h r o m a t o g r a p h  
c o n t r o l l e d  b y  a  S i g m a  1 5  C h r o m a t o g r a p h y  D a t a  S t a t i o n .  S u g a r s  w e r e  s e p a r a t e d  
--------~-~- -----
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on a 30m long, 0.26 mm I.D. fused silica capillary column (J & W Scientific, 
Rancho Cordova, CA) coated with SE-54. 
The column over was held at 240°C, with injector and flame-ionization 
detector temperatures of 280°C and 300°C, respectively. The carrier gas was 
helium at an average linear velocity of 0.24 m/s as measured by methane. 
The splitting ratio was 1:100. 
RESULTS AND DISCUSSION 
The relative retention values and resolutions of the TMS ebhers of the 
seventeen disaccharides are presented in Table I. Each of the reducing sugars 
gave rise to two peaks in the chromatogram, due to the pyranose anomers 
present in pyridine before trimethylsilylation, except for palatinose and 
turanose, which gave three peaks each. When pure anomers or disaccharides 
with known anomeric composition were available, their retention times were 
compared to those given in Table I and configuration was assigned as appropriate. 
Relative retention times were calculated from four independent analyses. 
Resolutions of adjacent peaks, defined as the difference in their retention 
times (ti) divided by their average peak width (wi): 
R 
s 
= 
are shown on Table I. As may be seen there and on Fig. 1, there are six 
cases where no resolution between peaks of different disaccharides is 
possible, and equilibrium data for the two anomeric forms of the same di-
saccharide after complete mutarotation must be used to allow composition to 
be determined. These data, obtained at 40°C in dry pyridine, are presented 
in Table II for fourteen of the seventeen disaccharides. For comparison, 
equilibrium compositions of some of these compounds in water are also presented. 
It may be noted that, where configuration may be assigned, a-pyranose/S-pyranose 
equilibrium ratios are higher in pyridine than in water except for kojibiose 
and sophorose, the two (1+2) linked glucopyranosyl-glucosides. 
As was observed by Haverkamp and coworkers (4) for (1+4) and (1+6) linked 
disaccharides which contain D-glucose of the reducing end, the S-anomer has 
a longer retention time than the a-anomer. In addition, the S-anomer is 
present in higher concentrations than the a-anomer in solution. These two 
facts have been explained by the more stable conformation of the S-pyranose 
answer in aqueous solution (ll) .. However, the analogy between elution order 
and anomeric ratio cannot be completely generalized to other linkages, because 
while both 8-anomers of kojibiose and sophorose elute before their respective 
a-anomers, opposite to (1+4) and (1+6) linked disaccharides, their equilibrium 
anomeric ratios are quite different from each other. More a- than S-sophorose 
is present in solution (4), as would be expected the fact that a-sophorose eluted 
second, but the opposite is true with a- and 8-kojibiose, Among disaccharides 
whose anomeric configuration is not known the same type of anamolous behavior 
is exhibited by nigerose. 
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I t  i s  p e r h a p s  n o t  t o o  s u r p r i s i n g  t h a t  e l u t i o n  o r d e r  a n d  a n o m e r i c  r a t i o  
a r e  n o t  a l w a y s  w e l l  c o r r e l a t e d ,  a s  t h e  f o r m e r  m a y  b e  c h a n g e d  b z  v a r y i n g  
c h r o m a t o g r a p h i c  c o n d i t i o n s .  W h e n  a n a l y z e d  i s o t h e r m a l l y  a t  2 4 0  C ,  8 - g e n t i o b i o s e  
e l u t e d  a f t e r  a - g e n t i o b i o s e .  T h e  r e v e r s e  s e q u e n c e  o f  a n o m e r s  r e s u l t e d  w h e n  
t e m p e r a t u r e  p r o g r a m m i n g  w a s  a p p l i e d .  S i n c e  b e t t e r  r e s o l u t i o n  o f  g e n t i o b i o s e  
a n o m e r s  w a s  o b t a i n e d  w i t h  t e m p e r a t u r e  p r o g r a m m i n g ,  i t  w a s  e m p l o y e d  f o r  
e q u i l i b r i u m  c o m p o s i t i o n  a n a l y s i s  ( T a b l e  I I ) .  
C h r o m a t o g r a p h i c  c o n d i t i o n s  i n  o u r  c a s e  w e r e  o p t i m i z e d  w i t h  r e s p e c t  t o  
t h e  b e s t  s e p a r a t i o n  o f  m a l t o s e ,  n i g e r o s e  a n d  k o j i b i o s e  a n o m e r s .  N e i t h e r  
i s o t h e r m a l  o p e r a t i o n  a t  h i g h e r  t e m p e r a t u r e s  n o r  t e m p e r a t u r e  p r o g r a m m i n g  
s e p a r a t e d  t h e s e  t h r e e  T M S  d e r i v a t i v e s  a s  w e l l  a s  d i d  i s o t h e r m a l  o p e r a t i o n  
0  
a t  2 4 0  C .  
T h e  t o t a l  a n a l y s i s  t i m e  c a n  b e  s h o r t e n e d  e i t h e r  b y  u s i n g  h y d r o g e n  a s  
a  c a r r i e r  g a s  a t  h i B h e r  v e l o c i t i e s  o r  b y  a p p l y i n g  t e m p e r a t u r e  p r o g r a m m i n g  
a t  8 ° C / m i n  f r o m  2 4 0  C  t o  2 6 0 ° C ,  s t a r t i n g  a t  3 5  m i n .  
I n  s u m m a r y ,  i s o t h e r m a l  s e p a r a t i o n  o f  a  c o m p l e x  m i x t u r e  o f  T M S  d i s a c c h a r i d e s  
o n  a  c a p i l l a r y  c o l u m n  h a s  b e e n  s h o w n  t o  b e  a  r e l i a b l e  a n d  s i m p l e  a n a l y t i c a l  
m e t h o d .  I n c r e a s e d  c o m p l e x i t y  o f  t h e  c h r o m a t o g r a m  d u e  t o  m u l t i p l e  a n o m e r i c  
p e a k s  i s  n o t  a  p r o b l e m  w h e n  h i g h  e f f i c i e n c y  c a p i l l a r y  c o l u m n s  a r e  u s e d  a n d  
m u t a r o t a t i o n  e q u i l i b r i a  a r e  k n o w n .  
A C K N O W L E D G E M E N T  
T h i s  p r o j e c t  w a s  s u p p o r t e d  b y  N a t i o n a l  S c i e n c e  F o u n d a t i o n  G r a n t s  C P E - 8 1 0 1 1 0 2  
a n d  C P E - 8 0 2 2 8 9 5  a n d  b y  t h e  E n g i n e e r i n g  R e s e a r c h  I n s t i t u t e ,  I o w a  S t a t e  U n i v e r s i t y .  
T h e  a u t h o r  w a s  t h e  r e c i p i e n t  o f  a  t r a v e l  g r a n t  f r o m  t h e  Y u g o s l a v - A m e r i c a n  
C o m m i t t e e  f o r  t h e  F u l b r i g h t  P r o g r a m .  
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T A B L E  I  
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R E L A T I V E  R E T E N T I O N  T I M E S  ( t R )  A N D  R E S O L U T I O N  ( R s )  O F  T H E  T M S  - E T H E R S  O F  D I S A C C H A R I D E S  
C a r b o h y d r a t e  
X y l o b i o s e  
L a c t u l o s e  
X y l o b i o s e  
L a c t u l o s e  
S u c r o s e  
L a c t o s e  
M a l t o s e  
C e l l o b i o s e  
M a l t u l o s e  
M a l t u l o s e  
T u r a n o s e  
N i g e r o s e  
M a l t o s e  
a ,  a - ' J : , r e h a l o s  e  
K o j i b i o s e  
N i g e r o s e  
P a l a t i n o s e  
L a c t o s e  
L a m i n a r i b i o s e  
S o p h o r o s e  
C e l l o b i o s e  
P a l a t i n o s e  
K o j i b i o s e  
L a m i n a r i b i o s e  
S o p h o r o s e  
M e l i b i o s e  
I s o m a l t o s e  
M e l i b i o s e  
G e n t i o b i o s e  
G e n t i o b i o s e  
I s o m a l t o s e  
A n o m e r  
p e a k  
1  
1  
2  
2  
1  
1  ( a )  
1  ( a )  
1  ( a )  
1  
2  
1  +  2  +  3  
1  
2  ( S )  
1  
1  ( S )  
2  
1  +  2  
2  (  S )  
1  
1  ( S )  
2  ( S )  
3  
2  ( a )  
2  
2  ( a )  
1  ( a )  
1  
2  (  S )  
1  ( a )  
2  ( 1 3 )  
2  
A n o m e r  
c o n c e n t r a t i o n  
( g / L )  
0 . 0 6 3  
0 . 4 0  
2 . 0  
0 . 6 0  
0 . 6 0  
0 . 7 7  
0 .  7 2  
0 . 4 4  
0 . 5 6  
0 . 8 3  
1 . 1  
0 . 9 6  
0 . 8 8  
1 . 0  
0 . 9 9  
0 . 6 4  
1 . 3  
0 . 8 3  
0 . 9 0  
0 . 3 6  
0 . 4 6  
0 . 1 2  
0 . 5 0  
1 . 1  
0 . 7 4  
0 . 4 5  
0 . 4 4  
0 , 6 5  
0 . 3 2  
0 . 6 7  
0 . 5 6  
P e a k  
w i d t h  
( m i n )  
0 . 2 5  
1 . 5  
0 . 4 0  
0 . 4 0  
0 . 3 5  
0 . 3 5  
0 . 4 5  
0 . 4 0  
0 . 4 5  
0 . 6 0  
1 . 5  
0 . 4 5  
0 . 4 5  
0 . 4 5  
0 . 4 5  
0 . 5 0  
0 . 5 0  
0 . 5 0  
0 . 5 0  
0 . 5 0  
0 . 5 0  
0 . 5 5  
0 . 6 0  
0 . 6 0  
0 . 6 0  
0 . 6 5  
0 . 6 5  
0 . 6 5  
0 .  7 5  
0 . 7 5  
0 . 7 5  
R e l a t i v e  
r e t e n t i o n  
t i m e  ( t R )  
0 . 5 8 5 a ±  0 . 0 0 1 b  
- 0 . 9 2 7  
0 . 9 3 4  ±  0 . 0 0 1  
0 . 9 5 9  ±  0 . 0 0 1  
1 .  0 0 0  
1 . 0 0 0  : ! : '  0 . 0 0 1  
1 . 1 1 9  ±  0 . 0 0 1  
1 . 1 4 5  ±  0 .  0 0 1  
1 . 1 8 7  ±  0 .  0 0 1  
1 . 2 0 5  ±  0 . 0 0 1  
1 .  2 3 6 C : t  0 .  0 0 1  
1 . 2 4 5  ±  0 . 0 0 1  
1 .  2 7 3  ±  o .  0 0 1  
1 .  3 3 0  ±  0 .  0 0 2  
L 3 3 o ± o . o o 1  
1 . 3 4 3  2 "  0 . 0 0 1  
1 . 3 8 3 d  2 "  0 . 0 0 3  
1 . 4 4 5  ±  0 . 0 0 1  
1 .  5 1 4  ±  0 .  0 0 1  
1 .  5 1  7  ±  0 .  0 0  1  
1 .  5 7 9  ±  0 .  0 0 2  
1 .  6 3 0  ±  o .  0 0 2  
1 .  6 3 9  ±  0 . 0 0 1  
1 . 6 7 0 ± 0 . 0 0 2  
1 .  7 6 5  ±  0 .  0 0 1  
1 .  9 0 5  ±  0 .  0 0 1  
1 .  9 7 7  ±  0 ,  0 0 4  
2 . 0 5 0  ±  0 . 0 0 1  
- 2 . 2 4  
2 . 2 5 5  ±  0 , 0 0 4  
2 . 3 4 6  ±  0 . 0 0 7  
R e s o l u t i o n  
( R  )  
s  
> 7  
0 . 0  
1 .  6 2  
2 . 8 5  
0 . 0  
7 .  7 2  
1 .  6 0  
2 . 5 6  
0 . 9 0  
o .  7 7  
0 . 2 3  
1 .  6 2  
3 . 2 9  
0 . 0  
0 .  7 2  
2 . 4 4  
2 . 8 6  
3 . 6 4  
0 . 1 0  
3 . 2 2  
2 . 9 5  
0 . 3 3  
1 .  4 7  
4 . 0 0  
5 . 8 2  
2 . 8 8  
2 . 9 2  
6 . 0 7  
0 . 6 0  
3 . 1 6  
a )  T M S - s u c r o s e  w a s  u s e d  a s  a n  i n t e r n a l  s t a n d a r d  ( r e t e n t i o n  t i m e =  2 6 . 0 0  m i n ) ,  
a n d  r e l a t i v e  r e t e n t i o n  t i m e s  w e r e  n o r m a l i z e d  t o  i t .  
b )  S t a n d a r d  d e v i a t i o n ,  b a s e d  o n  f o u r  s a m p l e s .  
c )  B a s e d  o n  f i r s t  i n c o m p l e t e l y  s e p a r a t e d  p e a k .  
d )  B a s e d  o n  s e c o n d  i n c o m p l e t e l y  s e p a r a t e d  p e a k .  
TABLE II 
EQUILIBRIUM COMPOSITION OF ANOMERS IN PYRIDINE 
Carbohydrate 
Xylobiose 
Kojibiose 
Sophorose 
Nigerose 
Laminaribiose 
Maltose 
Cellobiose 
Isomaltose 
G • b. e ent1.o 1.ose 
Lactose 
Melibiose 
Maltulose 
Palatinose 
Lactulose 
Anomer 
peak 
1 
2 
1 (B) 
2 (a) 
1 (B) 
2 (a) 
1 
2 
1 
2 
1 (a) 
2 (B) 
1 (a) 
2 (B) 
1 
2 
1 (a) 
2 (B) 
1 (a) 
2 (B) 
1 (a) 
2 (B) 
1 
2 
1 + 2 
3 
1 
2 
Equilibrium composition (%) 
This worka Haverkamp et al.b 
4 
96 
66.21 ± 0 19 
33.79 . 
32.86 ± 0.22 
67.14 
60.34 ± 1.83 
39.66 
44.60 + 
55.40 1. 94 
44.78 + 
55.22 °· 46 
49.12 + 
50.88 °· 48 
44.16 + 
55.84 °• 51 
32.44 + 
67.56 °• 97 
47.82 + 
52.18 1. 61 
41.06 + 
58.94 °• 75 
39.50 ± 1 12 
60.50 . 
91.5 
8.5 
40 
60 
59 
41 
26 
74 
44 
56 
33 
67 
41 
59 
23 
77 
29 
71 
41 
59 
33 
67 
92 
8 
100 
Toba and 
Adachic 
53 
47 
56 
44 
44 
56 
41 
59 
100 
41 
59 
44 
56 
23 
77 
a) 
b) 
c) 
Equilibration in pyridine with 0.2 M 2-hydroxpyridine at 40°C for 15 h. 
4 Equilibration in water at room temperature for 48 h. 
Equilibration in water at room temperature for 48 h. 5 
d) Standard deviation, based on three or four samples. 
e) Temperature programming was used for separation: 
heating rate 5°C/min; final temperature 270°C. 
0 Initial temperature 200 C, 
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Fig. 1. Gas chromatogram of 17 TMS disaccharides conducted on a 30m long, 0.26 I.D. 
fused silica capillary column coated with SE-54 and operated isothermally at 
240°C with a flow of 0.24 m/s helium. 
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Highly viscous media often occur in biotechnology, fermentation and 
food processing industries, as well as in chemical and pharmaceutical 
industries. Aeration of such systems may be effectively handled in tower 
fermentors. The purposes of this study are to characterize air-lift type 
tower fermentors, to advance the knowledge of multiphase flow, mass transfer, 
bubble behavior and growth in tower fermentors, and to investigate the 
characteristics of highly viscous systems. 
LITERATURE REVIEW 
Aeration of a highly viscous system is relatively complex to handle 
and research with tower fermentors has been limited to a relatively few 
workers. Buchholz and coworkers [1] worked on highly viscous Newtonian 
(glycerol solution) and non-Newtonian (CMC solution) fluids. They showed 
that in Newtonian fluids the value of k1a dropped with increasing viscosity 
and approached a constant value at 40 cp. They also studied changes in bubble 
size distribution along the length of the column. Konig and coworkers [2] 
investigated the use of tower reactors, with and without a loop, for 
penicillin production. They showed how tower reactors with reduced specific 
power inputs may successfully be used without exerting undesired effects on 
mycel morphology, product formation, and product yield. Malfait and 
coworkers [3] have used airlift fermentors for filamentous media in their 
studies which show a significant improvement in mass transfer of oxygen to 
the aqueous phase as compared to mechanically agitated systems. They also 
showed that savings in energy costs were in excess of 50% for airlift 
fermentors. Schugerl [4] has made a comprehensive review of literature 
concerning hydrodynamical properties, power inputs, oxygen transfer rates, 
volumetric mass transfer coefficients and heat transfer coefficients in 
highly viscous media. The use of wall pressure fluctuations in characterizing 
two-phase flow has been discussed by Hubbard and Dukler [5]. 
EXPERIMENTAL METHODS 
The system can be characterized by measuring the different variables 
involved. Some of these could be checked for their consistency by using 
equality constraints which relate such measurements. Figure 1 shows the 
experimental set-up which includes the fermentor and the accessories used 
to measure and analyze wall pressure fluctuations. The fermentor is made 
of a 6" I.D. plexiglass tube and is one meter tall with a baffle along its 
vertical axis. Other quantities to be measured are the chemical composition 
of liquid used, medium temperature, liquid level (ungassed), gas hold up, 
liquid viscosity, density, surface tension, oxygen transfer coefficient, 
1 0 0  
i n t e r f a c i a l  a r e a ,  b u b b l e  s i z e  d i s t r i b u t i o n ,  g a s  f l o w  r a t e ,  l i q u i d  c i r c u l a t i o n  
r a t e ,  p r e s s u r e  f l u c t u a t i o n s  a t  v a r i o u s  l e v e l s  a l o n g  t h e  h e i g h t  o f  t h e  c o l u m n ,  
a  m e a s u r e  o f  t u r b u l e n c e  a n d  t h e  g a s  r e s i d e n c e - t i m e - d i s t r i b u t i o n .  
P R E S S U R E  F L U C T U A T I O N  M E A S U R E M E N T S  
F u n d a m e n t a l  r e s e a r c h  o n  b u b b l e  b r e a k - u p  a n d  b u b b l e  s i z e  d i s t r i b u t i o n s  
i n  a i r l i f t  f e r m e n t o r s  i s  a n  i m p o r t a n t  o b j e c t i v e  o f  t h i s  w o r k .  P r e s s u r e  
f l u c t u a t i o n  m e a s u r e m e n t s  w o u l d  g r e a t l y  a i d  i n  r e a l i z i n g  t h i s  o b j e c t i v e .  
S i g n a l s  w e r e  m e a s u r e d  a t  d i f f e r e n t  p o r t s  i . e .  M 2  a n d  M 5  i n  F i g u r e  1  
a n d  t h e  a u t o c o r r e l a t i o n  p l o t s  a n d  p o w e r  d e n s i t y  s p e c t r a  w e r e  c o m p a r e d .  
T h e  a u t o c o r r e l a t i o n  f u n c t i o n ,  A ( T ) ,  i s  
A ( T )  =  L i m  1  
T + o o T  
0  
T  
f  f ( t ) f ( t + T ) d t  
w h e r e  f ( t )  i s  t h e  v a l u e  o f  a  r a n d o m  s i g n a l  a t  a n y  t i m e  t  a n d  f ( t + T )  i s  i t s  
v a l u e  a t  t i m e  ( t + T ) .  A ( T )  i s  a  r e a l  a n d  e v e n  f u n c t i o n  h a v i n g  i t s  
m a x i m u m  v a l u e  a t  T = O .  
T h e  p o w e r  d e n s i t y  f u n c t i o n  i s  t h e  F o u r i e r  t r a n s f o r m  o f  t h e  c o r r e s p o n d i n g  
a u t o c o r r e l a t i o n  f u n c t i o n ;  i . e . ,  
0 0  
P ( w )  =  
f  A ( T ) e - j W t d T  
- c o  
T h e  f u n c t i o n  e x p r e s s e s  t h e  b e h a v i o r  o f  a  s i g n a l  i n  t h e  f r e q u e n c y  d o m a i n  
r a t h e r  t h a n  i n  t h e  t i m e  d o m a i n .  
T h e  c h a r a c t e r i s t i c  f r e q u e n c i e s  a r e  t h e  p e a k s  i n  t h e  p o w e r  s p e c t r u m  
w h i c h  d e p e n d  o n  t h e  b e h a v i o r  o f  t h e  g a s - l i q u i d  d i s p e r s i o n  i n  t h e  c o l u m n .  
T h e  a i r  b u b b l e s  a p p e a r  t o  p a s s  t h e  p r e s s u r e  s e n s i n g  p o i n t  w i t h  f r e q u e n c i e s  
t h a t  d e p e n d  o n  o p e r a t i n g  c o n d i t i o n s  s u c h  a s  t h e  g a s  f l o w  r a t e .  T h e s e  
c h a r a c t e r i s t i c  f r e q u e n c i e s  c a n  e a s i l y  b e  i d e n t i f i e d  b y  f i n d i n g  t h e  p o w e r  
s p e c t r u m  o f  t h e  p r e s s u r e  f l u c t u a t i o n  s i g n a l .  
R E S U L T S  A N D  D I S C U S S I O N  
F i g u r e  2  s h o w s  a  t y p i c a l  p r e s s u r e  f l u c t u a t i o n  s i g n a l  d e t e c t e d  b y  t h e  
t r a n s d u c e r  f o r  a i r  a n d  w a t e r .  T h e  a u t o c o r r e l a t i o n  f u n c t i o n  f o r  s u c h  a  
s i g n a l ,  c o m p u t e d  o v e r  3 2  s e c o n d s  w i t h  a  s a m p l e  i n c r e m e n t  o f  2  m s e c s  i s  
r e p r o d u c e d  i n  F i g u r e  3 .  
P r e s s u r e  f l u c t u a t i o n s  r e c o r d e d  f r o m  t h e  t o p  m o s t  p o r t  ( M S )  o f  t h e  
c o l u m n  h a d  a  p o w e r  s p e c t r u m  w h i c h  h a d  t w o  p r i n c i p a l  p e a k s .  T h e  f i r s t  
p e a k  w a s  a t  a  f r e q u e n c y  o f  4 . 5  H z  w i t h  a n  a m p l i t u d e  w h i c h  w a s  l e s s  t h a n  
t h a t  o f  t h e  s e c o n d  p e a k ,  w h i c h  o c c u r r e d  a t  1 4 . 0  H z .  T h e  p o w e r  s p e c t r u m  
o b t a i n e d  f r o m  p o r t  M 2  a l s o  h a d  t w o  m a j o r  f r e q u e n c i e s .  H o w e v e r ,  t h e  
a m p l i t u d e  f o r  t h e  f i r s t  p e a k ,  w h i c h  o c c u r r e d  a t  4 . 0  H z  w a s  l a r g e r  t h a n  
t h a t  o f  t h e  s e c o n d  p e a k ,  w h i c h  o c c u r r e d  a t  8 . 5  H z .  A t  M 5  t h e  a m p l i t u d e  
a t  4 . 5  H z  d e c r e a s e d  w i t h  a n  i n c r e a s e  i n  t h e  a i r  v e l o c i t y .  N o  s i g n i f i c a n t  
t r e n d  w a s  o b s e r v e d  a t  M 2 .  T h e  a b o v e  r u n s  w e r e  r e p r o d u c i b l e  w h e n  r e p e a t e d  
u n d e r  i d e n t i c a l  c o n d i t i o n s .  
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The characteristic frequency at approximately 4.0 Hz may be associated 
with turbulent behavior in the region of the sparger. Pressure fluctuations 
with this frequency appear to travel up the column as they are observed at 
both measuring ports. The larger magnitude of the power spectrum peak at 
the lower port indicates that the pressure fluctuations are larger at that 
location. 
The characteristic frequency at 14 Hz appears to have been generated 
within the column between locations M2 and M5. 
CONCLUSIONS 
The results presented above need to be investigated further. The 
relationship of the characteristic frequencies to bubble size and the two 
phase flow regime needs further study. The work done so far was on an 
air-water system and runs need to be done on higher viscosity systems. 
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Figure 2. Typical pressure fluctuation signal as detected 
by the pressure transducer. 
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0 400 800 msecs. 
Figure 3. Autocorrelation function for the signal shown 
in Figure 2. 
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I N T R O D U C T I O N  
U T I L I Z A T I O N  O F  S U G A R S  I N  S O R G H U M  M O L A S S E S  
B Y  C L O S T R I D I U M  A C E T O B U T Y L I C U M  
B u m s h i k  H o n g ,  K .  C .  S h i n ,  a n d  L .  T .  F a n  
D e p a r t m e n t  o f  C h e m i c a l  E n g i n e e r i n g  
K a n s a s  S t a t e  U n i v e r s i t y  
M a n h a t t a n ,  K a n s a s  6 6 5 0 6  
1 0 4  
M o l a s s e s  w h i c h  i s  a  c h e a p  a n d  r e a d i l y  a v a i l a b l e  c a r b o h y d r a t e  s o u r c e  
i s  a b u n d a n t l y  u s e d  f o r  m i c r o b i o l o g i c a l  i n d u s t r i e s .  B l a c k s t r a p  m o l a s s e s  o r  
h i g h  t e s t  m o l a s s e s  h a d  b e e n  u s e d  f o r  p r o d u c i n g  a c e t o n e  a n d  b u t a n o l  b y  
f e r m e n t a t i o n .  O n e  o f  t h e  p r o b l e m s  i n  f e r m e n t i n g  m o l a s s e s  i s  t h a t  s u c r o s e  
w h i c h  i s  a  m a i n  c o m p o n e n t  o f  m o l a s s e s  i s  c o n s u m e d  b y  C l .  a c e t o b u t y l i c u m  
w i t h  d i f f i c u l t y .  A t t e m p t s  w e r e  m a d e  t o  a d o p t  s e l e c t e d  v a r i a n t s  o f  t h e  s p e c i e s  
t o  i n c r e a s e  s o l v e n t  y i e l d  b y  s e v e r a l  i n v e s t i g a t o r s  ( C a r n a r i u s  a n d  M c C u t c h a n ,  
1 9 3 8 ,  L e g g  a n d  T a r v i n ,  1 9 2 8 ) .  S o m e  i n v e s t i g a t o r s  ( s e e ,  e . g . ,  C o m p e r e  a n d  
G r i f f i t h ,  1 9 7 8 )  r e p o r t e d  o n  t h e  c a p a b i l i t y  o f  s e v e r a l  b u t a n o l - a c e t o n e  p r o d u c i n g  
s t r a i n s  f o r  f e r m e n t i n g  d i f f e r e n t  k i n d s  o f  s u g a r  a s  a  s o l e  c a r b o n  s o u r c e .  
F o u a d  e t  a l .  ( 1 9 7 6 )  f o u n d  t h a t  s u c r o s e  p r o d u c e d  m o r e  s o l v e n t s  t h a n  g l u c o s e  
w h e n  s u g a r s  w e r e  u s e d  a s  t h e  s o l e  s u b s t r a t e  f o r  p r o d u c i n g  s o l v e n t  b y  
C l .  a c e t o b u t y l i c u m .  A b o u - Z e i d  e t  a l .  ( 1 9 7 6 ,  1 9 7 8 )  r e p o r t e d  t h a t  t h e  t o t a l  
y i e l d  o f  s o l v e n t s  i n c r e a s e d  w i t h  t h e  i n c r e a s e  i n  t h e  c o n c e n t r a t i o n  o f  
m o l a s s e s  r e a c h i n g  o p t i m u m  a t  1 4 % ,  a b o v e  w h i c h  t h e  y i e l d  d e c l i n e d .  
I t  w a s  t h e  p u r p o s e  o f  t h i s  w o r k  t o  s e l e c t  a n  o r g a n i s m  s u i t a b l e  f o r  
f e r m e n t i n g  s o r g h u m  m o l a s s e s  a n d  t o  s t u d y  t h e  c o n s u m p t i o n  p a t t e r n  o f  d i f f e r e r t t  
s u g a r s  i n  t h e  m o l a s s e s .  
M A T E R I A L S  A N D  M E T H O D S  
M i c r o o r g a n i s m s  a n d  c u l t u r e  c o n d i t i o n s .  T h e  c u l t u r e s  o b t a i n e d  f r o m  
t h e  A m e r i c a n  T y p e  C u l t u r e  C o l l e c t i o n  ( A T C C )  w e r e  C l .  a c e t o b u t y l i c u m  
A T C C  8 2 4 ,  A T C C  4 2 5 9 ,  a n d  A T C C  1 0 1 3 2 ,  C l .  s a c c h a r o p e r b u t y a c e t o n i c u m  A T C C  
2 7 0 2 2 ,  a n d  C l .  b u t y r i c u m  A T C C  8 6 0 .  F o r  s c r e e n i n g  s t r a i n s ,  a  1 5 0  m~ o f  b a s a l  
f e r m e n t a t i o n  m e d i u m ,  c o n s i s t i n g  o f  0 . 0 7 5 %  K 2 H P 0
4
,  0 . 0 7 5 %  K H
2
P o 4 ,  0 . 0 2 %  M g S 0 4 ,  
0 . 0 0 1 %  F e S 0 4 · 7 H
2
o ,  0 . 0 2 %  M n S 0
4
· H z O ,  0 . 1 %  N a C l ,  0 . 0 5 %  c y s t i n e ,  0 . 5 %  y e a s t  
e x t r a c t ,  0 . 0 5 %  a s p a r a g i n e  a n d  0 . 6 %  ( N H 4 )
2
s o 4 ,  w a s  u s e d ;  0 . 0 3 %  r e s a z u r i n  w a s  
u s e d  a s  a  r e d o x - p o t e n t i a l  i n d i c a t o r .  A s  t h e  s o l e  c a r b o n  s o u r c e ,  g l u c o s e ,  
s u c r o s e  o r  f r u c t o s e  w a s  e m p l o y e d .  A  1 5 0  m~ o f  m o l a s s e s  m e d i u m ,  c o n s i s t i n g  
o f  5 %  m o l a s s e s ,  0 . 2 %  ( N H 4 )
2
s o
4
,  a n d  0 . 2 %  K R 2 P 0 4 ,  w a s  a l s o  u s e d .  
E f f e c t s  o f  t h e  m o l a s s e s  c o n c e n t r a t i o n  w e r e  i n v e s t i g a t e d  b y  e x a m i n i n g  
a t  c o n c e n t r a t i o n  l e v e l s  o f  6 ,  8 ,  1 0 ,  1 2 ,  1 4 ,  1 6 ,  a n d  1 8  g / 1 0 0  m~. T h e  
c u l t u r e s  w e r e  c a r r i e d  o u t  f o r  7 2  h o u r s  a t  3 7 ° C  u s i n g  3 0 0  m~ s c r e w - c a p p e d  
f l a s k s .  
Analytical methods. Methods for analyzing substrates and products are 
described below. 
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(a) Sugars: Sucrose, glucose, and fructose were monitored using a 
Varian Model 5000 high pressure liquid chromatograph (HPLC). 
(b) Solvents: Concentrations of the products were assayed using 
a Hewlett Packard Model 5710A gas chromatograph. 
(c) Cell growth: Cell growth was measured as percent transmittance at 
560 nm using a Baush and Lomb Spectronic 20 spectrometer. 
RESULTS AND DISCUSSION 
Screening of microorganisms. Microorganisms suitable for sorghum 
molasses fermentation were screened from a collection of five American 
Type Culture Collections (ATCC) strains, which are known butanol-acetone 
producers. Table 1 shows that two strains, Cl. acetobutylicum ATCC 824 and 
Cl. acetobutylicum ATCC 4259, were superior to the others. In addition, they 
both appeared to be equally effective in producing solvents and in obtaining 
high conversion, based on sugar consumed in the molasses medium. However, 
most of the strains tested in this work consumed less than half of the sugar 
available in the medium. The strains were tested for their sugar assimilation 
capacity with a synthetic medium which contained glucose, fructose or sucrose 
as the sole carbon source. As shown in Tables 2, 3, and 4, both strains, 
ATCC 824 and ATCC 4259, yielded closely comparable results in their capability 
of utilizing sugars. 
It is worth drawing attention to strain ATCC 4259 with respect to its 
consumption of sucrose, which showed 80% utilization. It implies that this 
strain has good ability to produce invertase; thus, it was chosen for the 
subsequent experiments. 
Molasses concentrations. Carbon sources of the fermentation medium 
were replaced with different concentrations of sorghum molasses. The results 
presented in Fig. 1 show that the concentration of total solvent produced by 
Cl. acetobutylicum ATCC 4259 increased with an increase in the concentration 
of sorghum molasses. However, it was found that 14% sorghum molasses yielded 
the highest conversion of sugars to solvents. The solvent yields dropped 
appreciably in the concentration range of 8 to 12% molasses. It can be 
assumed that the drop in pH to below 5.0 was responsible for drops in the 
yields in this range of molasses concentrations, as reported by other 
investigators (see, e.g., Fouad et al., 1976). The drops in pH of the medium 
at the low molasses concentrations could have arisen from a lack of buffer 
action, which was profoundly influenced by the molasses concentration. 
As also shown in Fig. 1, the strain consumed sugars in the molasses 
medium sequentially and in parallel. Glucose was consumed most readily 
and sucrose with most difficulty. This might be attributed to the fact 
that invertase synthesis was inhibited by the diauxic effect first reported 
by Monad (1942). 
1 0 6  
A b o v e  a  m o l a s s e s  c o n c e n t r a t i o n  o f  1 2 % ,  t h e  e x t e n t  o f  s u c r o s e  u t i l i z a t i o n  
d e c r e a s e d  t o  i t s  l o w e s t  l e v e l .  T h i s  d i f f i c u l t y  c o u l d  p o s s i b l y  b e  s o l v e d  
b y  i n v e r t i n g  t h e  s u c r o s e  w i t h  a c i d  o r  e n z y m e  o r  a d d i n g  s o m e  o r g a n i c  n i t r o g e n  
a s  d e s c r i b e d  i n  a n  e a r l i e r  w o r k  ( P o r t e r ,  1 9 4 6 ) .  
T h e  s o l v e n t  r a t i o s  w e r e ;  b u t a n o l  :  a c e t o n e  :  e t h a n o l =  3 . 7 : 1 : 1  a t  t h e  
m o l a s s e s  c o n c e n t r a t i o n  o f  1 4 % .  E a r l i e r  r e p o r t s  o n  C l .  a c e t o b u t y l i c u m  
s h o w e d  t h a t  t h e  s o l v e n t  r a t i o s  w i t h  1 4 %  m o l a s s e s  w e r e  a p p r o x i m a t e l y  a s  
f o l l o w s  ( T a h a  e t  a l . ,  1 9 7 3 ,  C a r n a r i u s  a n d  M c C u t c h a n ,  1 9 3 8 ) ;  b u t a n o l  :  
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Table 1. Comparison of growth and solvent production by several Clostridium 
species in the sorghum molasses medium. 
Growth Sugar Production (g/100m.P.) 
Strain (OD at 560nm) Consumption Yield 
(g/lOOmt) Acetone Ethanol Butanol Total (%) 
glucose 1.00 
acetobutx:licum fructose0.40 
ATCC 824 3.90 sucrose 0.60 0.05 0.04 0.32 0.41 20.0 
Total 2.05 
glucose 1.37 
acetobutx:licum fructose0.76 
ATCC 4259 4.03 sucrose 0.70 0.08 0.06 0.43 0.57 20.1 
Total 2.83 
glucose 0.53 
acetobutx:licum fructose0.38 
ATCC 10132 1.56 sucrose 0.43 0 0.01 0 0.01 0.7 
Total 1.34 
glucose 0.75 
saccharo;eerbutx: fructose0.40 
ace toni cum sucrose 0.57 0 0.01 0.22 0.23 13.4 
ATCC 27022 2.08 Total 1.72 
glucose 0.60 
butx:ricum fructose0.27 
ATCC 860 1.82 sucrose 0.68 0 0.01 0 0.01 0.6 Total 1.55 
a) The molasses medium used in this test was analyzed as containing 2.5% (w/v) sucrose, 
1.3% (w/v) glucose and 1.14% (w/v) fructose. 
1 0 8  
T a b l e  2 .  C o m p a r i s o n  o f  g r o w t h  a n d  s o l v e n t  p r o d u c t i o n  b y  s e v e r a l  C l o s t r i d i u m  
s p e c i e s  i n  t h e  g l u c o s e  m e d i u m .  
G r o w t h  
S u g a r  P r o d u c t i o n  (g/lOOm~) 
S t r a i n  
( O D  a t  5 6 0 n m )  C o n s u m p t i o n  
·  (g/lOOm~) A c e t o n e  E t h a n o l  B u t a n o l  T o t a l  
C l .  ~etobutylicum 
A T C C  8 2 4  
0 . 9 6  
1 . 2 2  
0 . 0 1  
0 . 0 2  
0 . 2 4  
0 . 2 7  
C l .  a c e t o b u t y l i c u m  
- A T C C  4 2 5 9  
1 . 5 2  
2 . 2 7  0 . 1 0  
0 . 1 2  
0 . 3 9  
0 . 6 1  
f ! ·  a c e t o b u t y l i c u m  
1 . 6 9  
0 . 2 0  0 . 0 1  0 . 0 1  
0  0 . 0 2  
A T C C  1 0 1 3 2  
C l .  s a c c h a r o E e r b u t y  
2 . 0 8  0 . 8 2  
0 . 0 1  0 . 0 1  0 . 1 4  
0 . 1 6  
a c e  t o n i  c u m  
A T C C  2 7 0 2 2  
C l .  b u t y r i c u m  
2 . 3 4  
0 . 1 8  
0 . 0 1  
0 . 0 1  0  0 . 0 2  
A T C C  8 6 0  
a )  I n i t i a l  g l u c o s e  c o n c e n t r a t i o n  w a s  2 . 5  g / 1 0 0  m ! .  
Y i e l d  
( % )  
2 2 . 1  
2 6 . 8  
1 0 . 0  
1 9 . 5  
1 1 . 1  
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Table 3. Comparison of growth and solvent production by several Clostridium 
species in the fructose medium. 
Growth Sugar Production (g/10~) 
Strain (OD at 560nm) Consumption Yield 
(g/ 100mR.) Acetone Ethanol Butanol Total (%) 
Cl. acetobutylicum 
AfCC 824 2.73 1.21 0.01 0.02 0.18 0.21 17.3 
Cl. acetobut:zlicum 
ATCC 4259 3.90 1.83 0.04 0.02 0.26 0.32 17.5 
Cl. acetobut:zlicum 
1- ATCC 10132 1.56 0.63 0.01 0.02 0 0.03 4.7 
Cl. saccharoEerbuty 
acetonicum 
ATCC 27022 2.08 0.46 0.01 0.02 0.06 0.09 19.5 
Cl. butrricum 
ATCC 860 2.34 0.10 0.01 0.02 0 0.03 30.0 
a) Initial fructose concentration was 2.5 g/100 mt a 
1 1 0  
T a b l e  4 .  C o m p a r i s o n  o f  g r o w t h  a n d  s o l v e n t  p r o d u c t i o n  b y  s e v e r a l  C l o s t r i d i u m  
s p e c i e s  i n  t h e  s u c r o s e  m e d i u m .  
G r o w t h  
S u g a r  P r o d u c t i o n  (g/lOOm~) 
S t r a i n  
( O D  a t  5 6 0 n m )  
C o n s u m p t i o n  
Y i e l d  
( g / 1 0 0 m . Q . )  A c e t o n e  
E t h a n o l  B u t a n o l  
T o t a l  
( % )  
C l .  acetobut~licum 
A T C C  8 2 4  
1 . 9 5  
0 . 7 1  
O o O l  
0 . 0 1  
0 . 1 3  0 . 1 5  2 0 . 0  
C l .  acetobut~licum 
A T C C  4 2 5 9  
3 . 5 1  
1 . 9 9  
0 . 0 3  
0 . 0 3  0 . 2 6  0 . 3 2  1 6 . 0  
C l .  acetobut~licum 
A T C C  1 0 1 3 2  
1 . 2 5  0 . 2 1  0 . 0 1  0 . 0 1  
0  
0 . 0 2  
1 4 . 2  
C l .  s a c c h a r o p e r b u t y  
a c e t o n i c u m  
A T C C  2 7 0 2 2  
2 . 8 6  
1 . 6 0  0 . 0 2  0 . 0 2  0 . 0 8  0 . 1 2  
7 . 5  
C l .  but~ricum 
A T C C  8 6 0  
1 . 7 6  
1 . 1 1  
0 . 0 1  0 . 0 1  0  0 , 0 2  
1 8 . 0  
a )  I n i t i a l  s u c r o s e  c o n c e n t r a t i o n  w a s  2 . 5  g / 1 0 0  ~. 
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Figure 1. Effect of the concentration of sorghum molasses on 
solvent production by Cl. acetobutylicum ATCC 4259. 
111 

